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This study aimed to understand the mechanism of maize inbreds resistance to A.
flavus by exploring the proteins that are differentially regulated in presence of pathogen.
Silk has been hypothesized as one of the entry routes of fungal growth and so the
proteome of silks was investigated by 1) performing a comparative proteomic study to
identify silk proteins that are abundant in resistant maize inbreds and down-regulated or
absent in susceptible inbreds, 2) identifying the up-regulated proteins in maize resistant
and susceptible inbreds when challenged by A. flavus 3) by mapping the proteome of silk
proteins in a A. flavus resistant inbred and 4) performing an anti-fungal assay to test antifungal activity of silk proteins extracted from resistant and susceptible maize inbreds.
Using comparative proteomics, proteins that are contributing to the resistance
phenotype and could be used for marker-assisted selection in breeding programs were

identified from silks collected from resistant (Mp313E, Mp420) and susceptible
(SC212m, Mp339) maize inbred 21 and 25 days after silk emergence (DAS) and also,
from the silks of ears inoculated at 15 DAS and collected 6 days after inoculation (DAI).
Silk proteins were extracted and analyzed by 2-dimensional gel electrophoresis (2-DE).
Gel images were analyzed by PD Quest software (Bio-Rad) and proteins that were
consistently different were identified using MALDI-TOF-TOF. Two candidate genes
that were up-regulated in 21 and 25 DAS in resistant tissues were investigated for
polymorphisms and their RNA expression was also studied. Nine proteins from all the
differentially regulated proteins were mapped to chromosomes 1, 2, 4 and 6 which are
known to have aflatoxin resistance QTLs.
Proteome map of Mp313E silks was developed using 2-DE and multi dimensional
identification technology (MudPIT) and approximately 971 identified proteins were
functionally annotated from the sequences available at AgBase website. The reference
map of Mp313E silks could also be used to link proteomics with trancriptomics,
metabolic mechanisms and genomics. Antifungal assays using GFP-tagged A.flavus and
chitinase assay on silk proteins from resistant and susceptible corn inbreds showed
significant activity in the resistant line compared to the susceptible line (p<0.01). A
model describing the role of silk proteins in fungal resistance is proposed.
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CHAPTER I
INTRODUCTION
Aflatoxins are secondary carcinogenic metabolites produced primarily from
Aspergillus flavus and Aspergillus parasiticus (Chen et al., 2004). Aflatoxin
contaminates large number of economically important crops such as maize, cotton,
peanuts, millet, barley, rice, and tree nuts especially under hot and dry conditions (Payne,
1998). Maize (Zea mays L.) is an economically and nutritionally important crop as it
represents staple food for a significant proportion of the world population. United States
is the largest producer of maize in the world (U.S Department of Agriculture, 1999) but
aflatoxin contamination of maize is a frequent occurrence mainly in the southern United
States, where the crop typically experiences hot and dry spells during summer. The
contamination occurs less often in the Midwest United States (Scott et al, 1988).
Environmental factors that stress maize plants, such as reduced soil moisture (water
stress), heat stress, high maximum daytime temperatures, high night temperatures, and
nutrient deficient soil influence the growth of A. flavus (Miller et al., 1994).
Various strategies have been developed to control pre-harvest and post-harvest A.
flavus contamination. Some of these include chemical and physical detoxification of
grain, cultural and biological control practices, control of kernel feeding insects with
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insecticides, host-plant resistance, and identification of resistant maize genotypes
(Windstrom et al, 1987; Scott et al, 1990). Discovery of maize that shows natural
resistance towards aflatoxin infection (King and Scott, 1982; Scott and Zummo, 1988;
Widstrom et al., 1987; Campbell and White, 1995) have led to breeding of maize for
enhanced resistance. The scientists at USDA-ARS CHPRRU at Mississippi State
University have developed and tested several resistant inbreds that have reduced aflatoxin
accumulation (Williams et al., 2001; Williams and Windham, 1998b; Scott et al., 1988;
1990; 1992). Some of these lines also have been included in the present study. Another
strategy to improve host resistant is searching markers that are consistently associated
with resistance. QTL studies on the mapping population of the cross between resistant
line Mp313E and susceptible line B73 showed regions associated with fungal resistance
on chromosomes 2 and 4 (Brooks et al., 2005). Recent technologies such as microarrays, proteomics, host-pathogen interaction studies and marker-assisted selection
breeding have led into understanding of plant resistance to a broad band of biotic and
abiotic stress (Chen et al., 2004).
Silks of maize have been hypothesized to be first line of defense against fungi
such as Fusarium and Aspergillus (Reid et al, 1995). Silks of resistant genotype (GTMAS:gk, Yellow Creole) generated higher concentration of a furfural compared to
susceptible genotypes when exposed to five-day A. flavus cultures (Zeringue et al, 2000).
Maize inbreds developed from an Iowa synthetic (BSSB) line produces silks with odor
traits that show resistance to ear feeding by corn earworm (Widstrom et al, 1997). Age of
maize silks is an important factor for the entry and colonization of the fungus. It has been
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observed that fungus colonizes the external silks, grows down the internal silk into the
cob and spreads in the kernel tissues (Munkvold, 2003; Payne, 1998). Dry brown silks
are not susceptible because they lack sufficient moisture (Payne, 1998). Also, young unpollinated silks are not susceptible to fungal contamination because they lack nutrients
provided by the pollen (Payne, 1992). Chemicals isolated from maize silks such as
maysin, and metho-maysin have been found to be active and responsible for resistance
against corn earworm (Helicoverpa zea Boddie) (Snook et al., 1995). Reid et al. (1995)
showed that inbred CO272 possessed a single dominant gene for resistance to Fusarium
infection via the silks, but resistance expression was undetectable under all environmental
conditions. Many theories have been put forth to explain fungal entry and proliferation in
maize. The possible movement of A. flavus tagged with GUS (ß-glucuronidase) fungus
into the kernels also has been investigated (Brown et al., 1998). In susceptible genotypes,
fungus appeared to spread from kernel to kernel through vascular system of the rachis;
whereas, in resistant inbreds fungal growth appeared to stop in the rachis tissue (Alfaro,
1999). Insect feeding on developing ears also created entry sites for fungus (Windham et
al., 1999).
Plants are sessile and have evolved mechanisms for responding to abiotic and
biotic stresses. One of them is presence of inducible or constitutive genes that results in a
resistant or susceptible phenotype. Infection of a number of plant species with viruses,
viroids, fungi or bacteria induces the accumulation of a group of proteins collectively
known as pathogenesis related proteins (PR- proteins) (Cordero et al, 1992). Some of the
PR proteins are chitinases, glucanases, endoproteinases, peroxidases, proteinase
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inhibitors, thaumatin-related proteins and some small proteins such as thionins, defensins,
lectins and heveins. These proteins are induced in response to pathogen attack. Proteins
induced in kernels when challenged with A. flavus also included many PR proteins (Chen
et al., 2002). The thaumatin-like, protein found in maize, shows potent in vivo activity
against bovine trypsin and amylase (Richardson et al., 1987). The acidic iso-forms of
group of pathogen-related (PR) proteins also showed similarity to the thaumatin-like
proteins (Richardson et al., 1987). Proteins such as zeamatin, an antifungal protein in
maize, permeabilize fungal hyphal membrane and cause leakage of cytoplasmic contents
(Roberts and Selitrennikofff, 1990). Another family of defense proteins known as
ribosome inactivating proteins (RIPs) defends plants by binding to the pathogen's
ribosomes and inhibiting protein synthesis. Maize genotypes containing high levels of
RIPs, have been found to be more resistant to A. flavus (Mehta and Boston, 1997).
Proteomics has been identified as a major tool in identifying the mentioned
proteins and also many other anti-fungal proteins in maize and other plants. Comparative
proteomic analyses of endosperm and embryos have also revealed roles for other proteins
such as late embryogenesis proteins, globulin-1 and globulin-2 also known as storage
proteins. Stress-related proteins such as aldose-ketose reductase, peroxidase, glyoxylase
and heat shock proteins also were observed up-regulated in the embryos and endosperms
of resistant lines. Antifungal proteins such as trypsin inhibitor and PR-10 also were
identified from these tissues (Chen et al., 2002). In maize, defense response to fungal
pathogens has been studied in germinating embryo, which has led to identification of
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important antifungal proteins (Campo et al., 2004). Nevertheless, very few studies have
focused on proteome studies of plants on fungal infection.
Much of the research described above is based on the analysis of maize kernels
post-harvest. Since A. flavus infects the developing ear, one way of controlling
contamination, is to prevent fungal growth in the ear during this vulnerable stage of
development. This could be accomplished by enhancing resistance in the developing ear.
To determine if this is feasible the current study investigated proteins that might
accumulate in resistant lines during an ear development and prevent or reduce the fungal
infection. No proteins have yet been reported in silk that might be involved in resistance.
In this study, the protein expression of silk tissues from resistant and susceptible
genotypes was studied by two-dimensional gel electrophoresis. We have identified
antifungal proteins that might contribute to the resistance phenotype in silks, therefore
can be used as markers in breeding programs.

CHAPTER II
LITERATURE REVIEW
Aspergillus flavus
In 1729, genus Aspergillus was established in kingdom fungi and the genus
include species that are adapted to various environmental conditions (Wilson et al.,
2002). The Aspergillus spp. is included taxonomically under the class of
Deuteromycetes, which are also referred to as “Fungi Imperfecti”. This class of fungi
reproduces only asexually and sexual reproduction states is uncommon or unknown
(Raven et al., 1999). The asexual reproduction in Aspergillus spp. occurs through
formation of asexual spores known as conidia. Conidiphores, which give rise to conidia,
are produced when mycelium is young and vigorous. Conidiophores are long, erect
hyphae that terminate in bulbous head, the vesicle, which are covered with sterigmata.
Conidiophores and conidia are produced in abundance and a single condiophore can
produce up to 50,000 spores (Gourama and Bullerman, 1995). Compact hard masses of
mycelia known as sclerotia are produced by certain Aspergillus spp., which helps the
fungus to survive until appropriate conditions are present in the environment for
proliferation (Wicklow, 1983). Few members of the Aspergillus can also produce
sexually by formation of an ascus, a sac like structure within which haploid ascospores
are formed after plasmogamy, karyogamy and meiosis. This is a short dikaryotic stage
6
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between plasmogamy and karyogamy. Some of the Aspergillus spp. has been used
commercially to produce citric acid from sucrose and soy sauce by fermenting soy
bean using A. oryzae, A. soyae, and lactic acid bacteria (Raven et al., 1999).
Most of the Aspergillus species are soil fungi or saprophytes, but some are
capable of causing decay of seeds in storage, disease in plants, or invasive disease in
humans and animals (Wilson et al., 2002). Pathogenic Aspergillus spp. can cause
diseases such as bovine mycotic abortion in animals, and fibrosis and cancer in case
of humans (Gourama et al., 1995). Many Aspergilli produce mycotoxins that are
toxic, mutagenic or carcinogenic to animals. The toxigenic nature of Aspergillus spp.
was first noticed in 1960 when more than 100,000 turkey pullets died due to a disease
called Turkey X-disease (Goldblatt, 1969). The causative agent was identified as
Aspergillus flavus and the toxin it produced was named aflatoxin. Aflatoxins are
polyketides and are designated into four types – B1, B2, G1, and G2. The letter type
refers to the color of fluorescence under ultraviolet light (B for blue and G for green)
and subscripts refer to their chromatographic mobility pattern on thin layer
chromatography plates. Toxicity of aflatoxin depends on its effect on cell
nucleoproteins and nucleic acids, which can interfere with protein synthesis and
cellular metastasis (Wogan, 1969). Aflatoxin B1 (AFB1) produced by A. flavus is the
most carcinogenic compound found in the nature (Park and Liang, 1994). AFB1
reacts with N7-guanine residues on DNA causing mutations in tumor suppressor p53
gene (Silva and Townsend, 1996). AFB1 causes acute and chronic aflatoxicosis in
animals (Payne, 1998). AFB1 has been classified in Group 1 carcinogen by the
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International Agency for Research on Cancer (Moss 2001). Aflatoxin has also been
reported to have several adverse health effects on animals such as reduced growth,
immunosuppression, reduced reproductive performance, and reduced milk production
in dairy cows (Barnes et al., 1964, Bodine., et al 1983). The epidemiological
evidence in humans suggests aflatoxin to be hepatoxin and teratogen (Council for
Agriculture Science and Technology, 1979). Large numbers of crops such as maize,
cotton seed meal, millet, peanut, rice, barley, sorghum, sweet potato, wheat, cassava,
peas, and oat have known to be affected by aflatoxin. Aflatoxin is also produced by
A. parasiticus and A. nomius (Diener et al., 1969). A. flavus spores occur more in air
than in soil and are generally found in temperate regions; whereas, A. parasiticus
spores are adapted to warmer environments and are more associated with soil. Hence
crops such as peanuts are found to be more infected with A. parasiticus but A. flavus
is more common in maize (Gourama et al., 1995).
Maize
United States is the largest producer of maize in world with a production of 9
billion bushels in 2003 and average corn yield of 130 bushels per acre
(http://nue.okstate.edu/Crop_Information/World_Wheat_Production.htm). Maize is a
vital food crop for humans as well as animals. In addition to its use as food and feed,
it is also used for manufacturing ethanol and starch. Hence, it is extremely useful in
the textile, automotive, paper industries. Maize belongs to Gramineae family and
belongs to the tribe Maydeae. It is a monoecious plant having the male inflorescence,
the tassel at the top of the stem and the female inflorescence, the ear at the base of

9
each branch. The separation of the sexual organs of the plant has made it extremely
convenient for breeding. The life cycle of maize begins with vegetative stage where
the young plant germinates from the seed. After the appearance of the tassel, the
plant enters the reproductive stage where the silks start emerging from the ears and
ends after the silks have desiccated after maturation of seeds. Pollen from tassels
falls onto the long silks and is entrapped in the silk trichomes. The pollen tube
develops until it reaches the embryo sac, which is then ruptured to release two nuclei.
The first sperm nucleus fertilizes the egg nucleus forming a diploid zygote and the
second fertilizes the two polar nuclei to form triploid endosperm. The kernel
develops from the double fertilization is attached to rachis. Rachis is a modified stem
through which supply nutrients for kernels. The other parts of the kernel include
embryo, endosperm, pericarp and the aleurone layer.
Maize originated in Central South America (Kiesselbach, 1949) and several
theories have been put forth to study its passage to the modern maize crop. Maize is
diploid with 10 haploid chromosomes and is believed to have lost some of the
duplicated regions during its evolution. The above theory is supported by the fact that
other members of the Maydeae have only 5 haploid chromosomes. Maize is
considered to descend from teosinte as corroborated by cytological, genomic, and
molecular evidences. The crossing of maize and teosinte shows that chromosomes
pair up closely at pachytene, giving rise to a female progeny (Lynch et al., 1998).
Maize and teosinte are structurally very different. The branches of maize are short,
topped with ears, and contain more kernels in the ears that aid in harvesting. In
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teosinte, the branches are long and topped with tassels and the ears disarticulate.
There are some alleles in maize and teosinte that have identical functions but differ in
their expressions (Doelby et al., 1997). Evolution from teosinte to maize has also
been based on the allele Teosinte glume architechture I (tgaI) (Dorweiler et al.,
1997). Series of modifications in a small number of genes evolved teosinte to the
modern maize. Other theories postulated that the two diploid progenitors diverged
approximately 20.5 million years ago (Mya) and the allotetraploid event occurred
11.4 Mya (Swigonova et al., 2004).
Maize has always been developed for high yield, male cytoplasmic sterility,
and resistance against fungal and insect infections. Plant breeders have focused on
improving maize by cross breeding with the genotypes having the desirable trait. One
of the areas of research has been breeding resistance against pathogens. Several
conventional methods, such as chemical and physical detoxifications, have been used
to contain infections caused by the pathogens. Most methods have been developed to
prevent post harvest fungal contamination by using chemical detoxification methods,
pesticides, and other biodegradable fungicides and insecticides. Methods for disease
resistance have been developed to contain pre-harvest infection by breeding with
resistant lines. The pathogen-resistant lines have been identified and pure lines are
prepared for the breeding purpose. Molecular mapping techniques have also been
applied to identify regions that are responsible for pathogen resistance. Various parts
of maize have been recognized to contain chemicals such as furfural compounds,
antifungal enzymes, flavonoids that contain pathogen infection. Scientists are now
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employing genetic engineering methods to transform genes known to contribute
resistance in the susceptible lines.
Aspergillus flavus Infection in Maize
Aflatoxin contamination in maize (Zea mays L.) is a serious pre- and postharvest problem since A. flavus could infect the growing crop and also accumulate
during grain storage (Lillehoj, 1987). Sclerotia are the source of primary inoculum in
maize fields. They germinate in soil, produce conidiophores and disperse air-borne
conida (Wicklow, 1983). Environmental factors that stress maize plants, such as
reduced soil moisture (water stress), heat stress, high maximum daytime
temperatures, high nighttime minimum temperatures, and nutrient deficient soil
influence the growth of A. flavus (Miller et al., 1994).
Drought stress results in invasion of corn husks by corn earworms and other
borers that carry the spores of A. flavus (Council for Agricultural Science and
Technology, 1979). Insect feeding on developing ears also create entry sites for the
fungus (Windham et al., 1999). Wounding of plant tissues also could serve as one of
the infection routes in maize kernels (St. Leger et al., 2000). Inadequately dried
maize prior storage and over-matured field crop are more susceptible to the infection
(Payne et al., 1988). Hence, proper post-harvest storage and handling has been one of
the major concerns of plant breeders.
To control aflatoxin infection, researchers are attempting to identify maize
genotypes resistant to A. flavus infection and aflatoxin contamination. Research is
directed toward a long-term goal of developing resistant hybrids and identifying the
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genes that confer the resistant phenotype to maize inbreds. Resistant germplasm has
been identified in the midwestern and eastern regions in the USA (Brown et al.,
2003). Resistant inbred lines have been developed by self-pollinating for 8-10
generations to bring the resistance to homozygous state (Scott et al., 1988; 1990;
1992). Resistance levels in response to environmental conditions have been evaluated
in the field using artificial inoculation techniques (Windham and Williams, 1998).
Plant breeders have been putting considerable effort into developing resistant hybrids
using strategies that involve introgression of resistance from the resistant inbreds to
elite lines (Windham and Williams, 1998). The scientists at USDA-ARS CHPRRU at
Mississippi State University have developed and tested several such resistant inbreds
(Scott and Zummo, 1988; 1990; 1992).
Fungal growth within maize tissue has not been studied in detail. Smart et al.
(1990b) have shown that inoculated A. flavus in susceptible maize lines spread from
the wound after 14 days of inoculation. In their study, the fungus was found
throughout rachis tissues, except in the pith and lignified fibers, 28 days post
inoculation. In the above study, invasion in ears was through rachilla and not through
pericarp into the endosperm. Many theories have been put forth to explain fungal
entry and proliferation in corn. The movement of fungus into the kernels has been
investigated by using an A. flavus strain tagged with the GUS gene (ß-glucuronidase)
(Brown et al., 1998). In susceptible genotypes fungus appeared to spread from kernel
to kernel through vascular system of the rachis; were as in resistant inbreds fungal
growth appeared to stop in the rachis tissue (Alfaro, 1999).
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One of the hypotheses is that fungus enters the developing ear through the silk
channels. The age of corn silks is important factor for the entry and colonization of
the fungus. It has been observed that fungus colonizes the external silks, grows down
the internal silk into the cob and spreads in the kernel tissues (Payne, 1998; Gary
Munkvold, 2003). On the other hand, dry brown silks are not susceptible because
they lack sufficient moisture. Young unpollinated silks also are not susceptible to
fungal contamination because they lack nutrients provided by the pollen (Payne,
1992). Infection through silk has been observed post pollination, which initiates silk
senescence (Marsh and Payne, 1984). Following infection, the fungus penetrates the
kernel through the pedicel, which provides a route for invasion (Diener et al., 1987).
Chemicals such as maysin (2’ –O-alpha –L-rhanosyl-6-C-(6-deoxy xylohexos-4ulosyl), and metho-maysin isolated from corn have been found to be active and
responsible for resistance against corn earworm (Helicoverpa zea Boddie) (Snook et
al., 2001). Studies with the inbred CO272 showed that it possessed a single dominant
gene for resistance to the Fusarium infection via the silks, but resistance expression
was not detectable under all environmental conditions (Reid et al., 1995). A number
of chemical constituents of maize kernels, silk, or husks have shown to reduce the
rates of A. flavus infection such as flavonoids (Norton, 1999), furfural (Zeringue,
2000), alkylresorcinol (Gembeh et al., 2001). Other biological compounds reported
to reduce A. flavus growth are glucanase (Nuecere, 1996), chitinase (Neucere, 1996),
trypsin inhibitor (Chen et al., 1999), pathogenesis-related protein (Theis et al., 2004),
and ribosome inactivating proteins (Theis et al., 2004).

14
Defense Related Proteins
Research has also been focused on identifying compounds, genes, or proteins
that contribute to the resistant phenotype and to use that information for marker
assisted selection in breeding programs. Plants are sessile and have evolved
mechanisms for responding to abotic and biotic stresses. One of mechanisms is
presence of inducible or constitutive genes that results in a resistant or susceptible
phenotype. Infection of a number of plant species with viruses, viroids, fungi, or
bacteria induces the accumulation of a group of proteins collectively known as
pathogenesis-related proteins (PR- proteins) (Cordero et al, 1992). Some of the PR
proteins are chitinases, glucanases, endoproteinases, peroxidases, proteinase
inhibitors, thaumatin-related proteins and other small protein molecules inlcuding
thionins, defensins, lectins and heveins. All of these proteins are resistant to
proteolytic enzymes (Sunitha et al., 1994). Studies on defense response have mainly
focused on the endo-hydrolases that exhibit ß- 1,3 glucanase and chitinase acitivites.
Chitinases are expressed in certain tissues during normal development, but mainly
induced in response to pathogen attack or other environmental stimuli. Antifungal
properties of chitinase A and chitinase B have been studies in maize seeds (Huynh et
al., 1992). Chitinases have been isolated and cloned, genetically engineered in model
plants to show their role as an antifungal agent (Leah et al., 1991). Many types of
chitinases have been isolated from maize kernels (Hyunh et al., 1992), pericarp and
embryo (Wu et al., 1994), germinating seeds (Cordero et al., 1992), leaves (Nasser et
al., 1990) and seedlings (Cordero et al., 1994). Increased levels of ß -1, 3 glucanase
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have been found in kernels, calli, and endosperm of maize lines resistant to A. flavus,
as well as in susceptible and resistant lines after kernels were infected with fungus
(Roby et al., 1988). Thionins are another family of proteins that have been identified
in number of monocots and dicots (Ranshaw, 1982). This protein has been isolated
from the endosperm of seeds and is known to exhibit toxic properties to a range of
organisms (Ranshaw, 1982). The thaumatin-like protein shares extensive homology
to a bifunctional protease inhibitor found in maize. The thaumatin like proteins
shows potent in vivo activity against bovine trypsin and amylase (Richardson et al.,
1987). The acidic isoform group of pathogenesis- related (PR) proteins also shows
similarity to the thaumatin-like proteins (Richardson et al., 1987). Zeamatin, an
antifungal protein in maize, is able to permeabilize fungal hyphal membrane and
causes leakage of cytoplasmic contents (Roberts and Selitrennikofff, 1990). Another
family of defense proteins, ribosome inactivating proteins (RIPs), defends the plant
by binding to the pathogen's ribosomes and inhibiting protein synthesis. Maize
genotypes containing high levels of RIPs, have been found to be more resistant to A.
flavus (Mehta and Boston, 1997). BETL1 and BETL3 are novel defense related
proteins that have been identified in maize (Philip, 2001). These are similar to the
defensin family of antifungal proteins (Huang et al., 1997). A 14 kDa protein has
been found in kernel extract from resistant maize genotype M182. It has α-amylase
activity and inhibits germination and growth of Aspergillus (Fakhoury and Woloshuk,
1999). Some other novel proteins have also been identified from the maize
endosperm called basal layer-type antifungal proteins (BAPs) (Serna et al., 2001).
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BAP genes are found only in maize, sorghum, and teosinite. BAP action is similar to
defensin and involves damage to the fungal plasma membrane (Thevissen et al.,
1999). Studies by Park et al. (2001) and Shin et al. (2002) also found transgenic
expression of tobacco stress inducible gene 1 (Tsi 1) under normal conditions
improved the salt tolerance of the plant, as well as towards pathogen resistance.
Modern technologies, such as proteomics, micro-arrays, host-pathogen interaction
studies, and genetic- based QTL studies have been employed to recognize proteins
that contribute to resistance. Recently, QTL studies on a mapping population from a
cross between B73, a susceptible line, and Mp313E, a resistant line, have recognized
regions that contribute to resistance on chromosome 4 and chromosome 2 (Brooks et
al., 2005). Comparative proteomic analysis of endosperm and embryos in resistant
and susceptible genotypes has identified proteins such as late embryogenesis proteins
(LEA), globulin-1, and globulin-2 which collectively are known as storage proteins.
Stress-related proteins aldose-ketose reductase, antioxidants peroxidase, glyoxylase 1,
and several heat shock proteins were recognized in maize embryos and kernels that
may be contributing to pathogen resistance (Chen et al., 2002). A model has been
described for host resistance in kernels against Aspergillus flavus based on the
proteins that were found using proteomics in endosperm and embryo by Chen et al.,
2004. According to this model (Figure 2.1) storage proteins and stress related
proteins are used for maintaining viable embryos, protein kinase and phytohormones
are needed for signal transduction during stress, and physical barriers are important
for host resistance.
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Figure 2.1 Host- resistance mechanism in corn against Aspergillus flavus in
endosperm and embryo
Presence of stress-related protein, hydrophilic proteins and proteins
related to oxidative stress contributes to host resistance to infections in
maize kernels (Chen et al., 2004). .
Much of the research described above is based on the analysis of post-harvest
maize kernels. One way of controlling contamination is to prevent fungal growth in
the ear since Aspergillus infects the developing ear. The growth control could be
accomplished by enhancing resistance in the developing ear.
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Proteomics: Systematic Analysis of the Protein Population in Tissues
Proteomics has been defined as “the systematic analysis of the protein
population in a tissue, cell, or sub-cellular compartment” (Van Wijk, 2001).
Proteomics has been established as a qualitative and quantitative tool in studying the
protein expression in various tissue levels. It represents a bridge between genomic
analysis and protein expression of regulatory biomolecules. Nucleotide sequencing
has given useful information regarding the location of genes and anatomical
information regarding genome of an organism, but the functions of these genes are
what contribute to the phenotype of the organism. It has been noticed that 50% of
gene studies do not match with the protein studies (Jonscher et al., 1997).
Microarrays have been used to study total gene expression profile and thus the
functions of gene products (Jonscher et al., 1997). Often the mRNA expression does
not correlate with protein expression (Anderson and Seilhammer, 1997). Protein
expression also depends on post-translational modification, protein-protein
interactions, and this process cannot be recorded using microarray. Hence efficient
proteomics tools have been developed to decipher the functions of genes in the
organism and finally to understand various processes that contribute to make that
system work. This has now become the most focused area in post-genomic research.
Proteomics is frequently associated with two dimensional electrophoresis (2DE) and mass spectrometry. The 2-DE is based on O'Farrell's method, which is
capable of separating hundred of proteins from complex protein mixture by their size
and charge (Farrell, 1975). This technique devised by O’Farrell allowed separation of
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1100 different protein in E. coli (Farrell, 1975). 2-DE has been optimized to resolve
proteins from several subcellular compartments using various chromatographic and
density gradient centrifugation techniques (Chong et al., 2001). Proteins sequence
can be determined from peptide sequences for the proteins that are separated using 2DE. These proteins can be used for analysis of its amino acid composition, various
immunological based assays and peptide mapping (Grover et al., 2001). Mass
spectrometry (MS) has revolutionized the proteomics technology by replacing the
classical Edmann degradation method by more sophisticated tools, which offer high
throughput.
The MS technology consists of generating ions from the sample, separating
these ions based on their charge or mass, and then detecting the ions. The two
sources of MS that have been widely used are matrix-assisted laser desorptionionization (MALDI) and electrospray ionization (ESI). Analyzers that have been
used range from time of flight (TOF) to complex analyzers such as fourier transform
ion cyclo resonance (FTICR). With such instruments, proteins between 10,000 and
100,000 Da can be measured to an accuracy of 1 ppm (Hayter et al., 2003). In case of
MALDI, matrix buffer co-crystallizes with the protein sample on a plate and when
ionization occurs these matrix molecules absorb the energy causing thermal
expansion of the matrix and the analyte into gas phase. MALDI produces singly
charged ions predominantly and these charged ions are analyzed by detectors based
on time taken by the ions to reach the detection, which is directly proportional to the
charge of the molecule. To conduct MS analysis, a gel spot with protein of interest is
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excised and digested with the sequence-specific endonuclease, trypsin. Trypsin
cleaves at lysine and arginine residues producing a mixture of protein specific masses
which are subjected to MALDI-TOF. The masses of the peptides that have been
digested by trypsin are compared with predicted masses of peptides from all known
protein sequences present in a database. This process of identifying the proteins by
using masses of peptides to search against a pool of known theoretical masses of
peptides is called ‘peptide-finger printing’.
Recently, the process has been automated, beginning with protein digestion
and ending with their analysis by MS. Initial MS analysis is conducted using MALDI
(Karas and Hillenkamp, 1988) and ESI (Pappin et al., 1993). MS measures an
intrinsic property of a biomolecule, its mass/charge ratio (m/z), with sensitivity in the
picomole range. The peptide masses are used to identify proteins using databases
such as SwissProt, NCBI, TReMBL (Pappin et al., 1993). Strict search parameters
that include minimum of four peptides matched and 15% sequence homology are
used for protein identifications. But recently, with new analyzers one can have
protein identifications to about 95% confidence interval by use of MS-MS approach
(e.g use of MALDI-TOF-TOF).
Ionization techniques such as ESI works on producing charged ions when an
electric potential (2-5 kV) is set between the capillary and the inlet to MS (Lin et al.,
2003). ESI is coupled to a high performance liquid chromatography and is operated
in a steady stream with solvent and the flow rate adjusted to create smaller droplets,
thus reducing the amount of sample needed for analysis. Multiple charged ions are
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produced which lowers the m/z values for high molecular weight compounds and it
allows measurement of m/z values on mass spectrometers with limited m/z ranges
(Lin et al., 2003). Multiple protonation of peptides and proteins promotes more
fragmentation of the amide bonds when the ions are activated for disassociation.
Both MALDI and ESI are the most commonly used MS techniques in proteomics.
Mass analyzers, responsible for separating ions according to mass to charge ratio, use
electric and magnetic fields to manipulate ions in a mass dependent manner. The
commonly used analyzers are Quadrupole (Q), Time of Flight (TOF), collision
activated dissociation (CAD). Q mass analyzers set radiofrequency (RF) voltage to
four metal rods with voltage applied to alternate polarity on opposite rods. A direct
current (DC) is overlaid on the rods and the ratio of RF to DC voltage stabilizes the
trajectory of ions of particular m/z values as they pass through the analyzer. Ions are
then recorded at the detector as the exit the analyzer (Lin et al., 2003). Quadrapole
ion trap (IT) creates three dimensional RF fields to trap the ions and the field is
manipulated to selectively eject ions of particular m/z ratio for collision activated
disassociation (CAD). The CAD is used to fragment ions and the resulting ions are
ejected to detector (Jonscher, et al 1997). In case of TOF, analyzers ions are
accelerated with a set of electric potentials and charged ions are differentiated by the
time ions take to reach the detector. The time to reach the detector is directly
proportional to mass of the charged ion. Many hybrid mass spectrometers have also
been devised that combine different types of analyzers. Q-TOF are instruments
which combine quadrapole mass analyzer for ion selections in a tandem mass
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spectrometer mode and TOF analyzers recorded m/z values. One of the analyzers
used in this current study was TOF-TOF, where ions m/z values are selected by their
TOF and other ions are deflected from their path. The deflected ions are passed into
collision cell where it collides with high energy inert gas (collision induced
disassociation CID) resulting in fragmentation of ions. The fragmented daughter ions
are detected by TOF detectors.
Another identification approach using MS is de-novo sequencing using
tandem MS (MS/MS) (Mann et al., 2001). Short amino acid sequences obtained by
de-novo sequencing, called peptide sequence tags, are compared to the protein or
Expressed Sequence Tags (EST) databases. MALDI-TOF-MS is suited for large
scale proteomics and is complemented with MS/MS analysis especially when the
available databases are expanding. The sequencing of maize genome and ESTs
allows access to large amount of information on gene content (Chandler and Brendel,
2002). Therefore, protein-based approach has contributed immensely in the
understanding of functions of genes especially in organisms whose nucleotide
sequencing has not been accomplished. Further, the support of bioinformatics has
made proteomics extend to a greater level of understanding of protein functions.
Plenty of algorithms for management of data, identifications of proteins with greater
confidence, accumulations of databases for better protein identification, and proteome
coverage have helped scientists use proteomics to understand details of functions
related to collections of proteins or specified proteins in an organism (Erikson et al.,
2005).
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Figure 2.2 The Top Down and Bottom Up approaches for proteome analysis.
Two proteomic approachs are currently being used. They are known as the
Top Down and Bottom Up approaches (Fig 2.2). In the “top-down” approach, the
intact protein is fragmented first to create sequence-specific ion fragment to aid in
sequence analysis. The “bottom up” approach uses proteolytic enzymes to make
peptides for sequence analysis, usually by using multidimensional liquid
chromatography in combination with tandem mass spectrometry. The top down
strategy starts with intact protein which is cleaved in gas phase and the protein is
fragmented in the mass spectrometer using electron capture dissociation to create a
ladder of ions which are analyzed using Electron Spray Ionization or ESI-FTMS. The
high mass accuracy of FTMS can help in the detection of protein sequence errors and
also post translational modifications (Ge et al., 2002). Many computer algorithms
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have been developed which can identify protein sequences from database, but the
observed molecular weight of a protein here can differ from the predicted molecular
weight due to post-translational modifications, proteolytic processing and sequence
errors. This technique is particularly useful in identification of small proteins (Horn
et al., 2000; Meng et al., 2001).
The “bottom up” approach identifies proteins using tandem mass spectrometry
analysis of peptides that are derived by digestion of proteins. The fragmentation
pattern of ions is derived for each peptide, which is directly proportional to the
peptide. The fragmentation pattern for each peptide is compared to its spectrum and
many algorithms such as Mascot, Mowse, MS-Fit, Profound have been used to
identify protein using these available spectrum. This pattern is then used to search
the sequence database to match it with any other peptides having equivalent
molecular weight. SEQUEST (http://www/fields.scripps.edu/sequest) is one of the
algorithms used in our study to interpret the mass spectrometry data. The confidence
of identification is very specific and also it is easy to identify the type and site of
modification using “bottom up” approach (McCormack, et al., 1997). Two major
strategies that have been used in proteome studies are 2-DE and more recently
Multidimensional Protein Identification Technology (Figure 2.3).
The 2-DE method separates protein according to its charge and molecular
weight. The spot is excised and digested to form peptides, which are then subjected
to MS analysis.
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Figure 2.3. General approaches for proteomic identifications.
In MudPIT, the proteins are digested in liquid and are separated on a strong
cation exchange column prior to MS/MS. The spectrum obtained is then searched
against databases to identify the proteins present in the sample.
2-D Gel Electrophoresis
Protein identification using 2-DE have reached new dimension by the use of
different sensitive stains such as Sypro-Ruby and Deep Purple blue, readily available
immobilized pH strips, updates in SDS polyacrylamide gel technology and robotics
for spot cutting, digestion and analysis. Protein 2-DE is also can be performed by
using two samples labeled with different fluor dyes on a single gel. This technique is
known as Difference In gel electrophoresis (DIGE). Two--DE is a good tool to
differentiate proteins that are isoforms having similar charges and vary in their size or
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molecular weight. These are also useful for identifying proteins that shift in their
positions due to post-translational modifications. About 10,000 proteins could be
separated using 2-DE (Klose et al., 1995). Zoom gels or narrower focus pH gradients
during iso-electric focusing help to detect observing proteins of interest in a particular
pH range.
Although there are several strengths in 2-DE approach, there also are various
limitations. Low abundant proteins cannot be observed with 2-DE and the method
excludes proteins with very acidic or basic isoelectric points, e.g. histones.
Membrane proteins are not seen on 2-DE, therefore other extraction methods for the
membrane proteins have been employed (Galeva et al., 2002). Buffers that are
specified for isoelectric focusing are limited; hence it is difficult to use certain
detergents to increase solubility. Many efforts have been made in increasing
solubilization of proteins and using preferential staining techniques to observe the
proteins of interest (Righetti et al., 2001; Candiano et al., 2002). Proteins, once
separated by 2-E, are cut and digested with proteolytic enzyme and subjected to mass
spectrometry. Two-DE has been used to study plant proteome of maize, maize leaves
(Porubleva et al., 2001), germinating embryos (Campo et al., 2004), wheat (Triticum
aestivum) (Skylas et al., 2001), barrel medic (Medicago tranculata) (Watson et al.,
2003), pea (pisum sativa) (Bardel et al., 2002), and rice (Oryza sativa) and poppy
(Papaver somiferum) latex (Decker et al., 2000) in various physiological and
environmental conditions. Sub-cellular proteomes have also been resolved using 2DE approach in plants such as mitochondria and chloroplast in maize (Hochholdinger
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et al., 2004; Lonosky et al., 2004); plasma membrane, cell wall, endoplasmic
reticulum, the chloroplast envelope membrane protein from Arabidopsis thaliana
(Santoni et al., 1998; Robertson et al., 1997; Chivasa et al., 2002; Feroo et al., 2003);
mitochondrial, luminal and peripheral thylakoid proteins in chloroplast of pea (Peltier
et al., 2000; van Wijk, 2000, 2002), tobacco (Yamaguchi et al., 2000), embryo and
endosperm of germinating tomato seeds (Sheoran et al., 2005).
Comparative proteomic studies has been of major interest recently and studies
such as the proteome of cell wall and extracellular matrix in Arabidopsis thaliana
from an elicitor treated suspension (Ndimba et al., 2003), rice leaf sheath after
mechanical wounding (Shen et al., 2003), green versus etiolated rice shoots (Komatsu
et al., 1999), and proteome of rice after treatment with jasmonic acid (Rakwal and
Komatsu, 2000) and brassinolide (Konishi and Komatsu, 2003) has led into
identification of many proteins that play a role in plants during various physiological
conditions
Multidimensional Protein Identification Technology (MudPIT)
A combination of chromatographic techniques with mass spectrometry has
further enhanced the quality and yield of protein separation. Limitations of the 2-DE,
such as co-immigration of proteins, resolution of only the most abundant proteins and
absence of low concentration proteins, separation of highly acidic or basic proteins,
artifacts on gels have now been overcome by the use of chromatographic techniques
along with MS. This helps in the resolution of very low abundance proteins and also
proteins with extremely high or low pIs. Protein identifications of intact protein are
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also challenged by post translational changes such as glycosylation, acetylation,
phosophorylation and disulfide bond formation. These modifications change the
mass of proteins and hence novel technology methods called as Mud PIT have been
embarked on such as the identification of total proteins from complex mixtures.
MudPIT has been used to investigate the proteomes of organisms such as Gallus
gallus (Hayter et al., 2003) and microbes (Yates et al., 2000). This strategy uses the
ability of tandem mass spectrometers to select and analyze peptides from protein
mixtures which are proteolytically digested. The digested protein creates a complex
mixture and high performance techniques such as chromatography is needed for their
high resolution. Hence prior to subjecting these proteins to mass spectrometry, the
proteins are passed through a strong cation-exchange column, which is a biphasic
liquid chromatography column as the initial phase and reversed phase as the second
phase. The reverse phase separates the peptides and delivers the peptides into mass
spectrometer after each salt step (Link et al., 1999; Washburn et al., 2001). This
technology has been useful in identifying low abundance proteins, acidic and basic
proteins and membrane proteins. Lack of quantitative information availability using
this technology is its only limitation.
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Other Current Proteomic Technologies
Alternate Multidimensional Separations
Ion exchange or affinity columns can also be used for fractionation of peptides
before subjection to LC/MS/MS. Proteins can be reduced and labeled with cysteine
containing a biotin tag followed by separation on column containing avidin.
Although this helps in detection of low abundance proteins, this method is limited to
only proteins having cysteine. This protein tagging method has been employed in the
study of yeast (Gygi et al., 2002; Lipton et al., 2002). An addition of the affinity step
reduces sample complexity, but it increases the sample quantity needed for analysis.
The bottom up approach has also been combined with the top down approach
(Chong et al., 2001). Liquid iso-electric focusing has been used together with reverse
phase liquid chromatography. After digestion the proteins are subjected to MS for
identification and the molecular weights can be measured directly to create three
dimensional maps of proteins on the basis of pI, hydrophobicity and molecular weight
(Wall et al., 2002).
Isotope Coded Affinity Tag (ICAT)
In ICAT, tags consisting of a reactive group and deuterated linker are used for
protein samples and these tags bind to sulfhydryl groups of cysteine residues in the
protein. Comparative proteomic analysis can be performed using this method where
two samples can be labeled with a heavy or light tag and then they are combined and
separated using chromatography. Proteins can be identified as well as quantified by
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this method. ICAT can also be used with standard 2-DE techniques. Both the
samples are labeled with normal and deuterated ICAT reagents and then combined
before running on a single 2-D gel (Smolka et al., 2002). The limitation of this
method is that it can label only those proteins that contain free cysteines. Use of
ICAT tag also decreases the protein solubility to a certain extent and affects proteins
electrophoretic mobility (Hu et al., 2004).
Metabolic Labeling using Radioisotopes
Using radioisotopes such as 35S, 3H or 14C amino acids can be labeled and
then separated and analyzed on a single gel. Isotopes do not change the pI or
molecular weight of the protein hence it is easy to analyze the same spot across
different samples. In one of the studies in yeast, proteins were labeled and were
quantified and its expression levels were determined in two types of conditions (Vido
et al., 2001). Another modification of this technique is differential gel exposure
where one sample is labeled with 14C and another with 3H. Then two imaging plates
are used for scanning i.e. one which is sensitive to 14C and the other to 14C and 3H.
Samples are pooled, run in the second dimension; blot transferred to a membrane and
this membrane was analyzed by the image plates. The intensity of ratios of the two
isotopes of specific proteins was used to compare the relative abundance of the
proteins in the sample (Monribot-Espagne et al., 2002). Differential exposure is
similar to DIGE but the use of isotopes does not alter any properties of the proteins
and hence problems such as ‘spot shifts’ are avoided.
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Multiplexed Proteomics
In this approach, combinations of fluorescent stains were used to detect the
protein of interest. This is a better approach than DIGE as it does not require any
pretreatment of the sample. Hence, it does not alter properties of proteins. The stains
that are used in this method are more sensitive and have a good dynamic range
compared to stains such as Coomassie Brilliant Blue and silver staining. Subproteomes and also post-translational modifications can also be revealed using
preferential staining such as Pro-Q Emerald 300 dye, which has been used to detect
glycoproteins present in the proteome. Multiplexed approach has also been used to
detect the phosphorylation of proteins.
Yeast Two Hybrid System
The yeast two hybrid system is another proteomic approach which is used to
measure protein-protein interactions by measuring the transcription of a reporter
gene. If a protein A interacts with protein B, the activation domain of protein A will
interact with the DNA binding domain to form a transcriptional activator domain.
This domain will then transcribe the reporter gene which is paired to its promoter
(Chein et al., 1991). Yeast two hybrid has been used to study the interaction of
proteins involved in anthocyanin pigment biosynthetic pathway (Goff et al., 1992).
Identification of protein-protein interactions and multi-subunit complexes using
immunoaffinity purifications, epitope tagging followed by affinity purifications has
been successfully used to identify low abundance protein complexes in total cell
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extracts. Various recent proteomics techniques also can be used to analyze posttranslational modifications.
Proteomics Analysis in Plants
Recent advances in proteomics have enabled global protein mapping in
different parts of plants. These include maize leaves (Porubleva et al., 2001),
germinating embryos (Campo et al., 2004), wheat (Triticum aestivum) (Skylas et al.,
2001), barrel medic (Medicago tranculata) (Watson et al., 2003), pea (Bardel et al.,
2002), rice (Oryza sativa), poppy (Papaver somiferum) (Decker et al., 2000). Protein
changes have also been analyzed in various physiological and environmental
regulated conditions. Sub-cellular proteomes of maze mitochondria and chloroplast
(Hochholdinger et al., 2004; Lonosky et al., 2004) have been studied. In Arabidopsis
thaliana proteome of plasma membrane, cell wall, endoplasmic reticulum, the
chloroplast envelope membrane protein (Santoni et al., 1998; Robertson et al., 1997;
Chivasa et al., 2002; Feroo et al., 2003) have been well studied. Also, pea
mitochondrial, luminal and peripheral thylakoid proteins in chloroplast (Peltier et al.,
2000; van Wijk, 2000, 2002), tobacco (Yamaguchi et al., 2000), tomato embryo and
endosperm (Sheoran et al., 2005) proteomes have been studied using proteomic tools.
Comparative proteomic studies have led to identifications of proteins that are induced
in several physiological and developmental stages in plants. Studies such as
comparative proteomic of cell wall and extra-cellular matrix in Arabidopsis thalina
when treated with an elicitor suspension and the non-treated tissue (Ndimba et al.,
2003) led to identifications of several proteins induced during the stress. In rice,
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comparative studies on leaf after and before wounding have led to identifications of
proteins that differentially regulate due to wound stress (Shen et al., 2003). Other
studies on rice such as green versus etiolated rice shoots (Komatsu et al., 1999) and
proteome of rice after treatment with jasmonic acid (Rakwal and Komatsu, 2000) and
brassinolide (Konishi and Komatsu, 2003) has led to identification of many proteins
that play a role in plant normal physiological versus the treated conditions. In maize,
the defense response to fungal pathogens was studied in germinating embryos, which
has lead to identification of important antifungal proteins (Campo et al., 2004). Such
studies help in understanding the contribution of host proteins in resistance to
pathogen infection.
Summary
Aflatoxin contamination is a serious problem and poses a significant risk to
human health. Though many cultural, biological techniques are used by breeders for
post harvest contamination control, research is now being focused on preharvest
control of aflatoxin contamination. Current technologies such as marker-assisted
breeding, using microarrays to recognize up-regulated genes due to pathogen stress,
and using proteomics to identify proteins in maize lines and using them for markers,
show promising results in the understanding host-pathogen interactions and
enhancing the host resistance to pathogens. There is a need to focus research
endeavors in understanding the sources of resistance and its mechanisms leading to
better plant fitness.

CHAPTER III
COMPARATIVE PROTEOMIC ANALYSIS OF MAIZE SILKS IN ASPERGILLUS
FLAVUS RESISTANT AND SUSCEPTIBLE INBREDS
Abstract
Research in our laboratory is focused on eliminating aflatoxin contamination in
maize (Zea mays L.) by increasing resistance to Aspergillus flavus infection during ear
development. Because it has been postulated that the fungus enters the ear via the silks,
we investigated the proteome of silk proteins in maize inbreds that are resistant or
susceptible to aflatoxin contamination and /or A.flavus infection. We have identified
proteins that are correlated to the resistance phenotype or proteins/genes that could be
used for marker-assisted selection in breeding programs. Silks were collected from
resistant (Mp313E, Mp420) and susceptible (SC212m, Mp339) maize inbreds 21 and 25
days after silk emergence (DAS). Silk proteins were extracted and analyzed by 2dimensional gel electrophoresis (2-DE). Gel images were analyzed by PD Quest
software (BioRad) and comparisons were made among resistant and susceptible lines and
proteins. Proteins that were consistently different were identified using MALDITOFTOF. Selected candidate genes sequences were investigated for polymorphisms and their
RNA expression was also studied.
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Introduction
Aflatoxins are secondary metabolites produced by the fungi Aspergillus flavus
and A. parasiticus and are powerful hepatotoxins, teratogens, mutagens and
carcinogens, and therefore are very detrimental to human and animal health (Wyllie
et al, Report 80, 1978). Aflatoxin B1 (AFB1) produced by A. flavus is the most
carcinogenic compound found in nature (Weng et al., 1997). AFB1 reacts with N7guanine residues on DNA causing mutations in the tumor suppressor p53 gene (Silva
and Townsend, 1996). AFB1 causes acute and chronic aflatoxicosis in animals
(Payne, 1998). AFB1 has been classified as a group 1 carcinogen by the International
Agency for Research on Cancer (IARC) (Moss 2001). Aflatoxin levels in food and
feed are regulated by the Food and Drug Administration to a maximum of 20 ppb
(Scott et al, 1988).
Maize (Zea mays L.) is an economically and nutritionally important crop as it
represents staple food for a significant proportion of world population. Aflatoxin
contamination of maize is a frequent occurrence in the southern United States, where
the crop typically experiences hot and dry spells during summer. It occurs less
frequently in the midwestern United States (Scott et al, 1988). Various strategies
have been attempted to control preharvest and postharvest A. flavus contamination.
Some of these include chemical and physical detoxification of grain, cultural and
biological control practices, control of kernel feeding insects with insecticides, hostplant resistance, and identification of resistant maize genotypes (Scott et al, 1990;
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Windstrom et al, 1987). But the lack of specific traits known to be associated with
resistance has hampered efforts to breed or engineer resistant maize genotypes.
Research is directed toward a long-term goal of developing resistant hybrids
and identifying the genes that confer the resistant phenotype to maize inbreds.
Resistant germplasm has been identified in the midwestern and eastern regions in
USA (Brown et al., 2003). Resistant inbred lines have been developed by selfpollinating for eight to ten generations to bring the resistance to homozygous state
(Scott and Zummo, 1990; 1992., Williams, et al., 2001). Resistance levels in response
to environmental conditions have been evaluated in the field using artificial
inoculation techniques (Windham and Williams, 1998). Plant breeders have made
considerable effort in developing resistant hybrids by using strategies that involve
introgression of resistance from the resistant inbreds to elite lines (Windham and
Williams, 1998). The scientists at USDA-ARS CHPRRU at Mississippi State
University have developed and released several resistant inbreds (Scott et al., 1988,
1990, 1992; Williams et al., 2005). Several of the resistant inbreds identified by
USDA-ARS scientists were used in this project. Two resistant inbreds (Mp420 and
Mp313E) (Scott et al., 1990, 1992) and two susceptible inbred lines (SC212m and
Mp339) were used for this comparative proteomic study.
The production of mycotoxins in maize is often influenced by environmental
factors that stress maize plants, such as reduced soil moisture (water stress), heat
stress, high maximum daytime temperatures, high night time minimum temperatures
(which strongly favor fungal growth) and nutrient deficient soil (Miller et al., 1994).
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One of the hypotheses is that fungus enters the developing ear through the silk
channels. The age of maize silks is important factor for the entry and colonization of
the fungus. It has been observed that A. flavus colonizes the external silks, grows
down the internal silk into the cob and spreads in the kernel tissues (Munkvold, 2003;
Payne, 1998). On the other hand, dry brown silks are not susceptible because they
lack sufficient moisture. Young unpollinated silks are not susceptible to fungal
contamination because they lack nutrients provided by the pollen (Payne, 1992).
Many theories have been put forth to explain fungal entry and proliferation in maize.
The movement of fungus into the kernels has been investigated by using an A. flavus
strain tagged with the GUS gene (ß-glucuronidase) (Brown et al., 1998). In
susceptible genotypes, the fungus appeared to spread from kernel to kernel through
vascular system of the rachis, while in resistant inbreds, fungal growth appeared to
stop in the rachis tissue (Alfaro, 1999). Insect feeding on developing ears also
created entry sites for fungus (Windham et al., 1999). Chemicals such as maysin (2”
–O-alpha –L-rhanosyl-6-C-(6-deoxy xylohexos-4-ulosyl), and metho-maysin isolated
from maize have been found to be active and responsible for resistance against corn
earworm (Helicoverpa zea Boddie)(Snook et al., 1995). Studies with the inbred
CO272 showed that it possessed a single dominant gene for resistance to Fusarium
infection via the silks, but resistance expression was not detectable under all
environmental conditions (Reid et al., 1995). Silks of maize have long been
hypothesized to be first line of defense against fungi such as Fusarium and
Aspergillus (Reid et al, 1995). Silks of resistant genotype (GT-MAS:gk, Yellow
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Creole) generated higher concentration of a furfural compared to susceptible
genotypes when exposed to five day A. flavus cultures (Zeringue et al, 2000). Maize
inbreds developed from an Iowa synthetic (BSSB) line produces silks with odor traits
that show resistance to ear feeding by corn earworm (Widstrom et al, 1997).
Plants are sessile and have evolved mechanisms for responding to abiotic and
biotic stresses. One of them is presence of inducible and constitutive genes that
results in a resistant or susceptible phenotype. Infection of a number of plant species
with viruses, viroids, fungi or bacteria induces the accumulation of a group of
proteins collectively known as pathogenesis-related proteins (PR- proteins) (Cordero
et al, 1992). Some of the PR proteins are chitinases, glucanases, endoproteinases,
peroxidases, proteinase inhibitors, thaumatin-related proteins and some small proteins
such as thionins, defensins, lectins and heveins (Sunitha et al., 1994). Studies on
defense response have mainly focused on the endo-hydrolases that exhibit ß 1, 3
glucanase and chitinase acitivites. Chitinases are induced in plants in response to
pathogen attack, other environmental stimuli, and also are expressed in certain tissues
during normal development. Antifungal properties of chitinase A and chitinase B
have been studies in maize seeds (Huynh et al., 1992). Chitinases have been isolated
and cloned, genetically engineered in model plants to show their role as an antifungal
agent (Leah et al., 1991). Many types of chitinases have been isolated from maize
kernels (Hyunh et al., 1992), pericarp and embryo (Wu et al., 1994), germinating
seeds (Cordero et al., 1992), leaves (Nasser et al., 1990) and seedlings (Cordero et al.,
1994). Increased levels of ß -1, 3 glucanase have been found in kernels, calli and
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endosperm of maize lines resistant to A. flavus, as well as in both susceptible and
resistant lines after kernels were infected with fungus (Roby et al., 1988). Thionins
are another family of proteins that have been identified in number of monocots and
dicots (Ranshaw, 1982). This protein has been isolated from the endosperm of seeds
and is known to exhibit toxic properties to a range of organisms (Ranshaw, 1982).
This thaumatin-like, protein shares extensive homology to a bifunctional protease
inhibitor found in maize, which shows potent in vivo activity against bovine trypsin
and amylase (Richardson et al., 1987). The acidic isoform of group of pathogenrelated (PR) proteins also show similarity to the thaumatin-like proteins (Richardson
et al., 1987). Zeamatin, an antifungal protein in maize is able to permeabilize fungal
hyphal membrane and causes leakage of cytoplasmic contents (Roberts and
Selitrennikofff, 1990). There is another family of defense proteins, ribosome
inactivating proteins (RIPs), which defend the plant by binding to the pathogen's
ribosomes and inhibiting protein synthesis. Maize genotypes containing high levels
of RIPs, have been found to be more resistant to A.flavus (Mehta and Boston, 1998).
BETL1 and BETL3 are novel defense related proteins that were identified in maize
(Philip, 2001). These are similar to the defensin family of antifungal proteins (Huang
et al., 1997). A 14 kDa protein was found in a kernel extract from resistant maize
genotype M182. It had α-amylase activity and inhibited germination and growth of
Aspergillus (Fakhoury and Woloshuk, 1999). Some other novel proteins have also
been identified from the maize endosperm called basal layer type antifungal proteins
(BAPs) (Serna et al., 2001). BAP genes are found only in maize, sorghum and
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teosinite. BAP action is similar to defensin and involves damage to the fungal plasma
membrane (Thevissen et al., 1999).
Much of the research described above is based on the analysis of maize
kernels post-harvest. Since Aspergillus infects the developing ear, one way of
controlling contamination, is to prevent fungal growth in the ear during this
vulnerable stage of development. This could be accomplished by enhancing
resistance in the developing ear. To determine if this is feasible we looked for
proteins that might accumulate in resistant lines during ear development and prevent
or retard fungal infection. To date there have been no proteins reported in silk that
might be involved in resistance. In this study, the protein expression of silk tissues
from resistant and susceptible inbreds was studied by 2-D gel electrophoresis. We
have identified antifungal proteins that might contribute to the resistance phenotype
in silks and could be used as markers in breeding programs.
Materials and Methods
Plant Material
Silks of resistant maize inbreds (Mp313E, Mp420) and susceptible inbreds
(SC212m, Mp339) were obtained from USDA-ARS, Mississippi State (Scott et al.,
1990, 1992; Windham and Williams, 1998). Tissues collected from three years
(2002, 2003 and 2004) were used for experiments. The planting dates for all three
years were in the second week of April. Plots were planted using conventional
tillage. Individual plots were a single row, 5.1 m in length spaced 0.96 m apart and
thinned to twenty plants per plot at approximately the V5 stage (Ritchie, et al., 1982).
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Herbicides and fertilizer (application based on soil tests) were applied according to
standard cultural practices for maize in northern Mississippi. The tops of the silks
were cut off before the husks were peeled and the inside silks from open pollinated
maize were collected 21 and 25 days after silking (DAS). The silks were cut into 2.5
cm pieces and immediately frozen in liquid nitrogen and stored at -80°C.
Protein Extraction, Solubilization and Measurement
Total proteins from 3 g of silk were extracted by powdering in 6800 Freezer
mill (Spex Certi Prep Inc, Metuchen, NJ). Silk proteins were phenol extracted using
the procedure of Hurkman, et al. (1986). The protein pellets were stored at -80°C.
Three independent extractions from 2002, 2003 and 2004 harvest were used for
further analysis. There was no statistically significant difference in total protein
concentration from the independent extractions (α=0.05). The pellets were dissolved
in 420µl of rehydration buffer (4% Chapso, 1% DTT, 9 M urea, 0.16% pH 4-7 and
0.4% pH 3-10 ampholytes). The protein concentrations were determined using RCDC kit (Bio-Rad).
First Dimension
Two grams of protein from three independent extractions was loaded on three
IPG strips pH 3-10 (Bio-Rad, Hercules, CA). By putting two grams of proteins the
possibility of detecting low abundance proteins was increased. Proteins were
separated according to charge in the electro-focusing system (Protein IEF cell, BioRad), at 23°C using 24 cm strips with a non-linear immobilized pH gradient of 3-10.
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Strips were rehydrated for 12 h before isoelectric focusing for 2 h at 250 V, 10,000 V
for 4 h and then until it reached 99999 V-hr at 10,000V. After electro-focusing, the
strips were either stored at -80°C or immediately put in equilibration buffer
containing 6 M urea, 2% sodium dodecyl sulphate, 1.5 M Tris-HCl pH 6.8, 20%
glycerol, 5% β-mercaptoethanol (Bio-Rad, recommended protocol) and separated by
molecular weight on the Protean Plus Dodeca Cell (Bio-Rad, Hercules, CA)).
Second Dimension
Gels were poured in the multicasting chamber (Bio-Rad, Hercules, CA)
having 10-15% gradient. Three independent extractions from each inbred from every
year were separated on the Protean Plus Dodeca Cell at 2.0 mamps /gel. A 2-D
marker (Bio-Rad) was run with every set so that this could be used to calculate the
experimental molecular weight and pI. A one-dimensional molecular weight marker
(Sigma) was also run with all gels. In one set, three gels from resistant were run with
three gels of susceptible and a 2-D marker was also run with it. This ensured that the
experimental conditions for gels that were subjected to comparative analysis were the
same.
Protein Staining
Gels were stained with colloidal Coomassie Blue G-250 (Sigma, St. Louis,
MO)). Gels were stained overnight and were de-stained with solution containing
10% acetic acid and 30% methanol. Gels were then scanned with a Fluor-
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S MultiImager (Bio-Rad, Hercules, CA) and were wrapped in Saran wrap and
stored at 4°C. All gels were imaged at the same resolution and exposure.
PDQuest® Analysis
Images of gels were taken and compared using PDQuest® software
(7.1.0.036) (Bio-Rad). The gel that had the most spots was chosen as the master gel
and images of three replicas of resistant gels were compared with images of three
replicas of susceptible gels for each year. After subtracting the background, spot
volumes were normalized for differences in staining intensity. Quantity and quality
scores were considered while choosing the spot. Only those spots that were
consistent in size and shape and those which were consistent within the linear range
of the densitometer was used for quantitative scores. The quantitative score preset on
the software was based on the spot intensity and area. Spots that passed the
qualitative score, which was based on peak intensity area within the linear range of
the imager, streaking, overlap of spots and a good fit to Gaussian model, were
considered. Only those proteins that consistently appeared different in resistant
versus susceptible inbreds in all three replicas of three years were considered for
quantification and were excised for identification.
MS Analyses of Gel Spots
For MS-MS the spots were cut using a robotic digester and spot cutter
(Investigator Pro-prep 4 block system, Genomics Solutions, Ann Arbor, MI; Robotic
Bio-Rad proteome work station). The spots were excised and reduced with 10 mM
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DTT (Sigma, St. Louis, MO) for 5 min and alkylated with 100 mM iodoacetamide
(Sigma, St. Louis, MO) for 30 min. Excised spots were digested with trypsin
(Promega, Madison, WI) (1:50 w/w, 16h, 37°C) and were extracted in a solution
containing 0.1% formic acid and 5% acetonitrile (Sigma, St. Louis, MO). The spots
were mixed with 5 mg/ml of α-cyano-4-hydroxycinnamicacid dissolved in 70%
acetonitrile and 0.1% trifluoroacetic acid and were then subjected to MALDI
TOF/TOF (ABI 4700 Proteomics Analyzer, Applied Biosystems). Protein
identifications were performed using the Result Dependent Analysis (RDA) of ABI
GPS software, version 3.5. The MS peak filtering was at 800 - 4000 m/z,
monoisotopic, with a minimum S/N=10 and a mass tolerance of 150 ppm. The
MSMS peak filtering was 0 - 105 % m/z of parent ion, monoisotopic, with a
minimum S/N=3, and a MSMS fragment tolerance of 0.2 Da. Proteins with at least
95% confidence interval and maximum of three precursors/ proteins were selected.
Nucleic Acid Isolation, PCR Amplification and Real Time PCR of Substilin and
Chitinase A
Genomic DNA was extracted from maize silks from all four inbreds using
DNeasy Plant Maxikit (Qiagen, Valencia, CA). Total RNA was isolated using the
RNeasy Plant Minikit (Qiagen Sciences, Maryland). Random primers (50ng/µl)
(Invitrogen, Carlsbad, CA) were used for the synthesis of cDNA. An avian reverse
transcriptase with reduced RNase H activity was used for the synthesis of first strand
cDNA. The quantity of mRNA isolated from silk tissue was very low, hence 100 ng
of RNA from each inbred was used for cDNA synthesis. Gene-specific primers were
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designed for PCR amplification and the same primers were used to study the
expression of substilin in silks collected at 21 and 25 DAS. The forward primer 5’CCATCGATCATATCGTCAACTGGT-3’ and reverse primer 5’GGAAAGGAAATAGCGGCTAGCTTA-3’ were designed from the coding region of
the substilin protein that was identified from mass spectrometry. These primers were
designed to amplify an internal region of 295 bp DNA fragment out of a total of 498
bp coding region. Primers designed from the coding region of chitinase A were used
to amplify a product of 600 bp. The forward primer used was 5’GCCCATCCAGATCTCCTACAACTACA-3’ and the reverse primer was 5’CCCAAGCAAGTCACAGTATCGTTTG-3’. Real time PCR of chitinase A was
performed using the same primer set.
PCR products were analyzed by agarose gel (1%) electrophoresis in 40 mM
Tris acetate, pH 8.0 and 2 mM EDTA, pH 8.0 (TAE) buffer containing 1µg/ µl
ethidium bromide. The bands were then excised and extracted from gel and
transformed into plasmid (pCR®4- TOPO®, Invitrogen life technologies, Carlsbad,
CA). Prior to sequencing the transformed plasmids were restriction digested with
EcoR1 (BioLabs Inc.) to determine if the plasmid contained the gene of interest. The
recombinant plasmid was then sequenced on Beckman CEQ 800 DNA analysis
system (Beckman Coulter).
For quantitative real-time PCR, ubiquitin was used as control and for standard
curves. The forward primer for ubiquitin amplification was 5’GAGTCCTCAGACACCATTGACAAC-3’ and reverse primer 5’-
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GTGCTCTCCTTCTGGATGTTGTAG-3’ to give an amplified product size of 374
bp from the coding region. The same gene-specific primers were used for
amplification of cDNA from all inbreds. Three amplifications were performed
simultaneously on RNA from silks collected at 21 DAS and 25 DAS from all four
inbreds. A standard plot was made with 50-fold serial dilutions of Mp420 cDNA,
which gave the highest amplification. The diluted cDNAs were used for
amplification using ubiquitin primers. Ubiquitin primers were then run using cDNA
from all four inbreds. The concentration of the subsitlin and chitinase-A transcripts
were determined by making a standard plot of the crossover point (CP) value that was
obtained by amplifying ubiquitin gene-specific primers on the mRNA samples of 21
and 25 DAS. These concentrations were used to plot a the concentration of sample
divided by concentration of ubiqutin versus the sample value to quantify the gene
expression in all inbreds.
Results and Discussion
Experimental Design
Three replicates from resistant inbred Mp313E were compared with three
replicates of susceptible inbred SC212m. Similarly, three replicas from Mp420
resistant inbred was matched with three replicates of the susceptible line Mp339. By
analyzing protein patterns from three harvests, we concluded that Mp313E and
SC212m inbreds were much closer in protein pattern and that Mp339 had protein
patterns similar to Mp420 (Figure 3.1 and 3.2). Since the proteome of Mp313E was
very different compared to Mp339, it was hard to judge which proteins were
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differentially regulated. Mp420 also had a very different protein expression pattern
compared to SC212m making it difficult to judge if the differences were the genetic
background or environmental effects. Hence, SC212m was compared only with
Mp313E, and Mp339 was compared only with Mp420 as it was easier to judge if the
proteome was different due to phenotype or environment. Only those proteins that
appeared different consistently every year were accepted as proteins that might be
contributing to resistance or susceptibility by regulation of its gene expression.
Proteins that were expressed in replicates of at-least two harvests were considered.
Proteins gels that also underwent post-translational modifications in two growing
seasons were also listed as candidate proteins. Only those proteins that were
differentially regulated and those that passed the quality score test mentioned in
Materials and Methods were accepted for further analysis. The candidate proteins
were also quantified using the PDQuest® software (Bio-Rad). Proteins from tissues
collected 25 days after silking (DAS) were also analyzed with PDQuest®.
Protein Extraction, Identification and Characterization of 21DAS Silk Proteins
We used a phenol extraction procedure to isolate silk proteins, which has been
reported to be effective in removal or avoiding uncontrollable modifications of the
proteins such as oxidation by endogenous or applied phenolic compounds,
carbamylation (Hurkman and Tankana, 1986; McCarthy et al., 2003). To increase the
solubility of the proteins, the urea concentration was raised to 9 M. When phenol
extraction (Hurkman et al., 1986) was used for extraction of the proteins there was
practically no streaking on the gels. Tissue was ground finely using the 6800 Freezer
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mill (Spex Certi Prep Inc, Metuchen, NJ), which resulted in good homogeneity in the
grinding of all samples.
The total number of spots as seen on 2D gels of all four inbreds varied by
approximately 15% from year to year. This was expected due to the variations in the
environment during the growing season. The variation in reproducibility between
gels of same harvest was less compared to the gels that were produced from different
years. A similar problem in reproducibility was seen in a study of Medicago
trunculata leaf proteins (Asirvatham et al., 2002). For comparative analysis, spots
that were consistently different in all three harvests were considered for identification
and further analysis. The identifications of 5% of all differentially regulated proteins
were not determined due to the following reasons: i) low protein concentration on gel
ii) lack of good spectrum iii) spectrum did not match with any green plant genome
sequence. All the identified silk proteins from all inbreds varied in molecular weight
from 5- 75 kDa. The iso-electric points (pI) of the proteins ranged from 3-10.
Comparative analysis of silk tissue from Mp313E with SC212m collected 21
DAS in 2002 revealed 38 spots that were present/absent or shifted on the 2-D gels. A
comparison of Mp420 with Mp339 silk tissues collected 21 DAS in 2002, showed 30
spots that were different. In 2003, there were 37 differences between Mp313E and
SC212m, and 35 between Mp420 and Mp339. In 2004, 35 proteins were
differentially expressed between Mp313E and SC212m, while 38 proteins were
quantitatively or qualitatively different between Mp420 and Mp339. Comparing
samples 21 DAS from all three years, it was apparent that approximately 33 proteins

49
were consistently different between Mp313E and SC212m (Table 3.1, Figure 3.1). In
the case of Mp420 and Mp339 there were 38 proteins that were consistently different
between the two inbreds (Table 2, Figure 3.2). Comparison of Mp420 and Mp339,
showed multiple assignments to a single spot. Heat shock protein-22 (P24632) was
identified to two different spots in Mp420 and Mp339 (Table 3.3, 3.4). These spots
were different molecular weight and pI. In Mp420 the heat shock protein-22 had a
molecular weight is 22 k Da and pI of 5.5 and two spots in Mp339 identified as heat
shock protein-22 had a molecular weight of 17k Da and pI of 5.33. Many proteomic
studies have shown multiple spots from 2D gels corresponding to a single gene
product (Fountoulakis et al., 2001). There are three major reasons for this
phenomenon (Sarnighausen et al., 2004). First, these proteins could be derived from
closely conserved gene family members. Second, the differential migration might be
due to alterations in the amino acid sequences. Third, the proteins may be posttranslationally modified. The presence of multiple spots could also be due to
introductions of artifacts during extraction or separation procedure (Berven et al.,
2003). But presence of artifacts due to extraction is ruled out as silk proteins were
extracted by phenol extraction procedure, which has been reported to be effective in
removal or avoiding uncontrollable modifications of the proteins such as oxidation by
endogenous or applied phenolic compounds, carbamylation, should minimize these
problems (Hurkman and Tankana, 1986; McCarthy et al., 2003).
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Stress-related Proteins in 21DAS Gels
Differences between Mp313E and Sc 212m
Out of total 33 proteins that were differently expressed between Mp313E and
SC212m lines, identifications showed one protein with unknown function (spot 77)
and two proteins could not be identified (spot 122, 74). The remaining were
identified and listed in Table 3.1. There were 10 proteins from the total that were
housekeeping genes, which either was absent/present or differentially expressed in all
three years. These included a putative aminocylase (Q6Z8P2), eukaryotic translation
initiation factor 5A (elF-5A) (P80639), small GTP binding protein (Q43596), caffeic
acid 3-O-methyltransferase (Q06509), S-like RNase (Q6R326), 2,3bisphosphoglycerate-independent phosphoglycerate mutase (P30792), fructokinase 1
(Q6XZ79), putative lipase (Q5VMA1), putative ATP synthase (Q6ZG90) and
putative NADPH: quinone oxidoreductase 2 (Q941Y8). The eukaryotic translation
factor eIF-5 is present in all eukaryotic cells and plays a major role in initiation of
protein synthesis (Park et al., 1997). Active eIF-5A contains an unusual amino acid
called synthesis hypusine and the mechanism by which this factor facilitates proteins
is not understood fully (Touzet et al., 1996; Wang et al., 2001). It seems that this
induced isoform of eIF facilitates translation of proteins in response to fungal
infection (Campo et al., 2004). This protein was up-regulated four-fold in Mp313E
gels. Proteins such as 2, 3-bisphosphoglycerate-independent phosphoglycerate
mutase and fructokinase 1 are mainly involved in carbohydrate metabolism were upregulated in Mp313E. Differential regulation of these also suggest role of host
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enzymes in maintaining homeostasis during stress. This is also inferred by the
presence of proteins such as ATP synthase, putative NADPH oxidoreductase 2 and
small GTP binding protein that were present in the resistant inbred Mp313 and absent
in the susceptible inbred SC212m.
Caffeic acid 3-O-methyltransferase which was present only in Mp313E and
absent in SC212m, catalyzes the conversion of caffeic acid to ferulic acid and of 5hydroxyferulic acid to sinapic acid. The products are converted to the corresponding
alcohols that are incorporated into lignin (Collazo et al., 1992). Lignin, a polymer is
a major plant cell wall component and is particularly resistant to microbial
degradation (Kirk et al., 1987). But some fungi have developed enzymes to degrade
lignin such as white rot fungi, actinomycetes (Kirk et al., 1987; Basaglia et al., 1992).
Lignin is not easily bio-degradable; therefore it is the most recalcitrant component of
the plant cell wall. Higher lignin deposits on cell wall provide reduced bio-substrate
for fungal enzyme penetration. Therefore, high lignin deposits are considered as
physical restriction to fungal attack (Haug et al., 1993). Up-regulation of this protein
in the resistant line and absence in susceptible line suggests that it might have a role
in resistance. The S-like RNase protein present in Mp313E and absent in SC212m has
also been identified from wheat and has endoribonuclease activity (Chang et al.,
2003).
Antioxidants are known for their protective role during stress in plants and
animals. There were seven antioxidant enzymes present in resistant line Mp313E that
were absent or differentially regulated in susceptible line SC212m. The enzymes
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were - glutathione-S transferase III (Q9SM20), quinone reductase 2 (Q5E163),
isoforms of superoxide dismutase (P23345, P11428), polyphenol oxidase (O49960),
peroxidase (Q6RFL1), oxalate oxidase (Q9LD27), and ACC oxidase (Q6JN54). The
differential expression of antioxidant glutathione-transferase III has also been studied
in fungal infected maize embryos (Campo et al., 2004). During oxidative stress,
antioxidant enzymes such as superoxide- dismutase, glutathione- S transferase and
peroxidase play and important role in removal of reactive oxygen species, which help
cells to cope with biotic and abiotic stress (Foyer et al., 1994). Role of polyphenol
oxidase in tomatoes shows that down regulation of this protein could lead to
susceptibility to pathogens (Thipyapong et al., 1997). One isoform of the gene
encoding polyphenol oxidase is up-regulated during biotic and abiotic stress and
appears be influenced by salicyclic acid, jasmonic acids and ethylene signaling
pathways (Thipyapong et al., 1997). ACC oxidase, up-regulated in Mp313E plays an
important role in ethylene signaling. It has been identified in germinating maize
seeds and is believed to have an impact in ethylene induced cell death (Gallie et al.,
2004). Oxalate oxidase, an antioxidant up-regulated in Mp313E, has also been
studied in wheat in presence of aluminum. Presence of aluminum as elicitor in
pathogenesis-related pathway can induce the up-regulation of oxalate oxidase (Hamel
et a., 1998).
Antifungal proteins such as substilin (Q42420), pathogenesis related protein
(PR) (O82086, Q84C7), putative endo-1,3 beta-glucanase (Q8S9Q6), trypsin inhibitor
(O81217), polyubiquitin (O65332), drought-inducible protein (Q948L3), chitinase A
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(Q6JBK8), and chaperones such as low molecular weight heat shock protein
(P24632) were also differentially regulated in Mp313E and SC212m. The
accumulation of PR proteins during pathogenesis infection is well known (Campos et
al., 2004; van Loon et al., 185, 1999). The PR proteins were first identified in
tobacco following infection of plants with tobacco mosaic virus (Bowles 1990). The
PR proteins are divided into 17 groups based on their enzymatic properties,
serological and sequence analyses (Campo et al., 2004; Theis et al., 2004). PR-1
proteins up-regulated in Mp313E were cysteine-rich, small proteins with a molecular
weight of approximately 15-17 kD. Another PR proteins up-regulated in Mp313E
was PR-10. This was also one of the anti-fungal proteins present in the endosperm of
maize (Chen et al., 2002). Beta-1, 3 glucanase is a PR-2 protein and its properties
have been studied in maize (Nasser et al., 1990). Protease inhibitors like substilin and
trypsin inhibitor are also known for its antifungal properties. Expression of substilin
has been shown to be up-regulated in presence of abiotic stress, such as glucose
starvation in maize root tips (Chevalier et al., 1995) and in the maize leaf in response
to wounding and fungal infection (Cordero et al., 1994). Antifungal nature of the
trypsin inhibitor has been studied in various plants such as barley (Terras et al.,
1993), maize (Hyunh et al., 1992) and cabbage (Lorito et al., 1994). Antifungal
properties of maize trypsin inhibitor to various pathogens have been tested using
purified trypsin inhibitors that were over-expressed in E. coli (Chen et al., 1999).
Abiotic stress proteins such as drought-inducible protein and heat shock chaperones
that assist in protein folding are often present during biotic stress (Campo et al.,
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2004). It is now an understood that multiple proteins act together to confer resistance
to plants against fungal infection. Beta 1,3 glucanases, up-regulated in Mp313E
samples compared to SC212m also seem to play a role during pathogen attack in
maize embryos (Chen et al., 2004).
Differences between Mp420 and Mp339
Of the 24 difference in proteins between Mp420 and Mp339, there were seven
house-keeping enzymes up-regulated in Mp420 and absent or down-regulated in
Mp339. These were soluble inorganic pyrophosphatase (O48556), putative 6phosphogluconolactonase (Q69NG5), putative potassium channel beta subunit
(Q6K697), transferase (Q7SIC9), putative ribosomal protein L37a (Q5QM99),
hydroxyacylglutathione hydrolase (O24496), guanine nucleotide binding protein beta
subunit (P49027), putative ribokinase (Q6S563) and nuclear transport factor 2 (NTF2) (Q9XJ54). Up-regulation of house-keeping proteins with transferase, ion transport
channels, phosphatase and hydrolase activities suggests that cells are inducing these
proteins to cope with stress by nourishing the needed life supporting systems. Six
proteins that were differentially regulated in Mp420 (spots 17, 18, 5-420, 12-420, 14420, 31-420) could not be identified.
Antifungal proteins like chitinases (Q6JBN0), chitinase A (Q6JBK8), substilin
(Q42420), PRm3 (P93518), ribosome inactivating protein 9 (P25892) and permatin
precursor (Q38769) were expressed differentially in Mp420 and Mp339. Substilin
and chitinase A were antifungal proteins that were expressed in only the resistant
inbreds in 21 DAS as well as 25 DAS tissues. Therefore, these proteins were of great
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interest for our study. Chitinase is one of the major PR proteins. It catalyzes the
hydrolysis of chitin, which is a major structural component of the cell wall of many
pathogenic fungi (Flach et al., 1992). Chitinase (Q6JBN0) is also called chiI and is a
class I chitinase. Several class I chitinases have been shown to inhibit fungal growth
in vitro (Mauch et al., 1988; Sela-Buurlage et al., 1993; Khan et al., 2004). PRm3 is
another chitinase and it is expressed during heavy metal stress in maize leaves
(Didierjean et al., 1996). PRm3 has also been induced in maize seeds after infection
with F.moniliforme (Cordero et al., 1992). Permatin precursor, which is up-regulated
in Mp420, is a thaumatin like protein (http://www.pir.uniprot.org/cgibin/upEntry?id=Q38769_AVESA). Thaumatin is also a PR protein and it has
extensive sequence homology with antifungal proteins like trypsin and α-amylase
(Bowles, 1990). Its antifungal properties are particularly apparent in tobacco attacked
by viroids (Singh et al., 1987). In Mp420 gels ribosome-inactivating protein 9 was 2fold up-regulated compared to Mp339 gels. Ribosome inactivating proteins (RIP) are
RNA-N-glycosidases and are antiviral and antimicrobial (Peuman et al., 2001). RIP
antifungal activity has been studied in kernel proteins and transgenic tobacco that
showed increased resistance to fungal infection (Nielsen et al., 2001; Jach et al.,
1995).
Protein Identification in Resistant and Susceptible Inbreds at 25 DAS
Silk tissues collected 25 DAS were either eaten by caterpillars or were very
dry and so though approximately 2 mg were loaded on each strip, the amount of
proteins that were seen on gel was comparatively less. From analysis of three
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replicas from all four inbreds from three growing seasons, there were 19 proteins in
Mp313E that were either present or up-regulated compared to SC212m (Table 4). In
the case of Mp420, 18 proteins were differentially expressed when compared to
Mp339 (Table 5). In Mp420, there were three proteins that could not be identified
(spot 14, 32, 36) (Table 5) and two spots that were identified to same accession
number (Q5QM99, spot 12, 15) (Table 5). Proteins present in Mp420 at 25 DAS
such as putative ribosomal protein L37a (Q5QM99) (spot 12, 15), guanine nucleotide
binding protein beta subunit (P49027) (spot 26), nuclear transport factor 2 (NTF-2)
(Q9XJ54) (spot 38), permatin precursor (Q38769) (spot 33), putative 6phosphogluconolactonase (Q69NG5)(spot 28), glyoxylase I (Q6XC06) (spot 21) and
putative beta 4 proteasome subunit (Q5XML0) (spot 71) were also expressed at 21
DAS. Glyoxylase I (Q6XC06) (spot 21) was expressed in Mp420 at 25 DAS but not
at 21 DAS. A glyoxylase I has been implicated in resistance to aflatoxin in corn by
removal of methylglyoxal, a substrate that induces aflatoxin production (Chen et al.,
2004). Other proteins of particular interest were substilin (Q42420) (spot16, 45) and
chitinase A (Q6JBK8) (spot 125) that were also expressed differentially in both
resistant inbreds in 21 DAS gels. In the Mp313E and SC212m comparison,
interesting stress-related proteins such as defense -related precursor (Q41802) (spot
89), PRm3 (P93518) (spot 99), putative endo 1, 3 beta –glucanase (Q8S9Q6) (spot
97), trypsin inhibitor (O81217) (spot 8, 18), abscisic acid and stress inducible protein
(O49149) (spot 29) and substilin (Q42420) (spot 16) were up-regulated or present
only in the Mp313E gel. All proteins except abscisic acid and stress inducible
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proteins were expressed in 21 DAS, but other stress-related proteins were not
identified from Mp420 versus Mp339 analysis. The protein substilin was identified
in 21 DAS gel as spot (45, 44) in Mp420 versus Mp339 and spot (9, 16) in Mp313E
versus SC212m. Similarly in 25 DAS gels it was present in Mp420 as spot 45 and in
Mp313E as spot 15. Similarly, chitinase A, was one of the differentially regulated
proteins at 21 and 25 DAS. Two proteins substilin and chitinase A were up-regulated
in all three years and at both 21 and25 DAS. Hence these proteins were chosen as
candidate genes for studying polymorphisms and also gene expression.
There were no proteins that were up-regulated in SC212m compared to
Mp313E at either sampling date. There were 23 proteins that were seen specifically
up-regulated in Mp339 gels in comparison to Mp420. These included chitinases
(O80404), (Q6JBN6), heat shock proteins such as HSP22 (P24632), chaperonin
21(Q69QD5), xylanase inhibitor (Q8L5C6), and quinone oxido-reductase (Q8LQN2).
These were found to be present only in Mp339 and absent in Mp420 21 DAS. We
believe that being resistant or susceptible is a cumulative action of several genes in
the plant. Though there are antifungal proteins present in Mp339 silks there could be
a difference in expression of these proteins during infection that might be contributing
to its phenotype.
Quantitative Analysis of Stress Related Proteins in 21 DAS and 25 DAS Gels
Only those proteins that were differentially regulated in the comparison of
susceptible and resistant inbred at both 21 and 25 DAS tissues were quantified using
PDQuest®. The proteins that were up-regulated at-least by 2-fold has been reported.
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There were six proteins out of 33 differentially regulated stress proteins in Mp313E
versus SC212m (21DAS) that showed a downward trend in expression (Table 1).
Down-regulated proteins included housekeeping proteins such as small GTP binding
protein (Q43596), fructokinase (Q6XZ78), putative aminocyclase ( Q628P2), and
also some antioxidant enzymes like quinone reductase 2 (Q5EI63) and putative endo1, 3 beta glucanase (Q8S9Q6). All the stress proteins identified, except three, showed
at least a 2-fold increase in protein expression. In the comparison of Mp420 to
Mp339 at 21 DAS, all 34 proteins were up-regulated by at least 2-fold. In the 21
DAS tissue of the susceptible line Mp339 all proteins were up-regulated by at-least
two-fold compared to Mp420.
Expression of differentially regulated protein from Mp313E at 25 DAS were
up-regulated by at-least two-fold. The expression of these proteins increased from 2to 5- fold. The candidate stress proteins that were quantified from the Mp313E gels
were present only in Mp313E and absent in SC212m. In Mp420 at 25 DAS, there
was only one protein that showed down- regulation when compared to Mp339. All
other proteins in Mp420 were up-regulated by at least 2 fold.
PCR Amplification and Sequence Analysis of Substilin and Chitinase-A Genes
Substilin and chitinase-A were two proteins that were consistently present or
up-regulated in the 21 and 25 DAS in both resistant inbred when compared to the
susceptible lines. We were interested in knowing if there were any differences in the
substilin DNA sequence that could potentially be used as polymorphisms in mapping
studies. The primers were designed to amplify a region of the coding sequence
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starting from 73 bp at 5’ end to give a product size of 273 bp (Figure 3.3). After
sequencing the PCR products, all sequences were aligned using Meg Align
(Lasergene 6, DNA Star) to determine if there were differences in the substilin DNA
sequence in this 273 bp region among the inbreds. Single nucleotide polymorphisms
(SNP) were seen in Mp420 at 262 bp, 252 bp, where A was replaced with G (Figure
3.4). And the other nucleotide changes were seen at positions 27, 32, 34, 35, 37, 4042, 49, 51, 52, 54-56, 58, 59, 71, 75, 78, 79, 85 and 87 bp. The region showing
homology is marked in red and the differences in the sequences are colored as blue or
green (Figure 3.4). There was 53% homology in the sequences from all inbred that
were aligned (Figure 3.4). Alignment of proteins obtained by back translation of the
amplified coding region sequence showed only two amino-acids proline (position 29)
and glycine (position 33) common in all sequences (Figure 3.5).
Amplification of chitinase A gene from all inbreds resulted in product of
approximately 650 bp (Figure 3.6). Sequence analysis showed several differences in
the amplified coding region among the inbred lines. A comparison of the Mp420 and
Mp339 sequences indicates one single nucleotide polymorphism at 544 bp (Figure
3.6a). The regions marked in red are the homologous regions, while the regions in
blue indicate differences in the DNA sequence. The sequences were 95%
homologous in the case of Mp420 and Mp339. While comparison of sequences from
10 to 700 bp between Mp313E and Sc 212M showed numerous differences (Figure
3.6b). Alignment of all chitinase-A from all inbreds gave only 70% homology
(Figure 3.7). Alignment of proteins obtained by back-translation of the amplified
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gene sequence from all inbred showed amino-acids common at positions 17, 36,64,
75, 91, 86 and 88 (Figure 8). Alignment of proteins obtained by back-translation of
amplified sequence of Mp420 and Mp339 showed a conserved amino-acid region
between position 210 and 254 (Figure 3.8a). Mp313E and SC212m protein
sequences alignment showed amino-acids common to both the inbreds at positions
14, 20, 44, 46, 58, 62, 64, 65, 66, 76, 78, 81, 83, 84, 85, 90, 93, 94, 96, 143, 163, 164,
166, 171, 187, 184, 185, 199, 197, 205, 215, 229, 225, 226, 227, 238, 244, 245, 246,
249, 260, 262, and 264 (Figure 3.8b).
Real-Time PCR Amplification of Substilin Transcripts in 21 DAS and 25 DAS
Tissue
The same primers that were used for the amplification PCR fragment were
used to quantify transcript level of substilin from mRNA isolated from 21 and 25
DAS silks. From the calculated concentrations of samples and ubiquitin, the inverse
of CP value obtained showed that Mp313E, Mp420 and SC212m had low expression
at 21 DAS but the expression of the gene increased in 25 DAS (Figure 3.9). While in
Mp339, the expression was high at 21 DAS but the expression decreased 9-fold at 25
DAS. This suggests that substilin may be down-regulated with the gradual
development of the maize silk and this might be one of the factors contributing to the
susceptibility of Mp339.
Real-time PCR Amplification of Chitinase A in 21 and 25 DAS Tissues
From the calculated concentrations of chitinase A and ubiquitin, the inverse of
CP value obtained showed that Mp313E and Mp420 had low expression at 21 DAS,
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but transcript levels increased in 25 DAS (Figure 3.10). While in Mp339 and
SC212m, the expression was high at 21 DAS and decreased at 25 DAS. This
suggests that this gene may be down-regulated with the aging of the silk which
renders it susceptible to infections. This might be one of the factors contributing to
the susceptibility of Mp339 and SC212m. Higher expression of chitinase A in the
resistant lines 25 DAS after silking seems to contribute to its resistance phenotype.
QTL Analysis
Differentially regulated proteins were screened for loci on the maize genetic
map (http://www.maizegdb.org/) to determine if they mapped to positions close to
QTL for aflatoxin resistance (Scott et al., 1988; Brooks et al., 2005). According to
the Paul et al., 2003, QTL analysis in the Tex6 and B73 identified regions on
chromosomes 3, 4, 5 and 10 related to aflatoxin resistance. In another study on
Mp313E x Va35, a region on chromosome 4L was seen associated with aflatoxin
resistance (Brooks et al., 2005). QTL studies on a F2 population of a cross of
Mp313E and B73 (susceptible inbred) identified QTL in chromosome 4 and a new
QTL was identified on chromosome 2 (Brooks et al., 2005). A QTL related to
aflatoxin resistance was also seen in chromosome 6. But the QTL region on
chromosome 4 was the most important region as it remained consistent even in
different genetic backgrounds and also showed additive effects. The QTL on
chromosome 4 accounted 18% of the phenotypic variance with respect to aflatoxin
levels (Brooks et al., 2005). Genes for three of the proteins identified in silks mapped
to chromosome 4. These were polyubiquitin (O65332), which was present in
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Mp313E at 21 DAS, PRm3 (P93158), which was present in Mp420 at 21 DAS and in
Mp313E at 25 DAS, and the germin-like protein seen in Mp339 at 21 DAS. Table
3.6 describes the loci of the above genes and also the QTL ID to which it matched
with respect to mapping population mentioned in Brooks et al., 2005. In addition,
chitinase A and peroxidase mapped on chromosome 2 at 2.05 bin. This region has
been described to represent genomic regions that influence susceptibility to aflatoxin
accumulation in crosses of susceptible lines B73 and Va35 with Mp313E. Substilin
located on chromosome 6 has its loci on bin 6.01 which is close to QTL afl7 was
located on chromosome 6 at bin 6.05. Similarly 2, 3 bisphosphoglycerate mutase
(P30792) also was close to aflatoxin resistance region in chromosome 6 at bin 6.05.
Many genes that have been listed in the differences where either not mapped or there
was no information regarding their location in the maize genome database (maize
GDB). Only few genes identified from silks mapped to aflatoxin resistance region.
Hence, it is necessary to look at more QTLs and also map the identified differentially
regulated proteins in order to establish more markers for breeding programs.
Summary
We have established the presence of antifungal proteins in silk from maize
inbreds that are resistance and susceptible to aflatoxin accumulation. The number of
differently regulated protein in Mp313E compared to SC212m decreased from 33 to
19 proteins from 21DAS tissues to 25 DAS tissues. This might be due to the
browning and desiccations of silk after pollination. Out of the 33 proteins that were
differentially regulated, 6 proteins were down-regulation compared to SC212m in 21
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DAS tissues. All the other differentially regulated proteins had an increased
expression up to at-least two fold compared to SC212m. In Mp313E 25 DAS tissue,
all the proteins were up-regulated by at-least two-fold. Important proteins related to
stress such as pathogensis-related protein-1 (spot 7), trypsin inhibitor (spot 8),
substilin (spot 9), drought inducible protein (spot 31), oxalate oxidase (spot 42),
pathogenesis related protein-10 (spot 41), caffeic acid 3-Omethyl transferase (spot
79), ACC oxidase (spot 73), peroxidase (spot 118), superoxide dismutase (spot 80,
77), glutathione-transferase (spot 113), chitinase A ( spot 125), polyphenol oxidase
(161) and quinone reductase (spot 117) were found up-regulated in Mp313E at 21
DAS when compared to SC212m at 21 DAS . In Mp313E 25 DAS tissues, stressrelated proteins such as chitianse A (spot 125), PRm3 (spot 98), defense-related
precursor (spot 88), substilin (spot 16), heat shock protein 22 (spot 11), abscisic acid
and stress inducible protein (spot 29), and 26S proteasome regulatory particle triple A
(spot 14) were up-regulated by at least two folds. No protein was consistently
differentially regulated in SC212m compared to Mp313E in 21 or 25 DAS tissues.
In Mp420, there were 24 proteins at 21 DAS and 23 proteins at 25 DAS that
were differentially regulated when compared with Mp339. Stress induced proteins
such as chitinase (spot 3), pathogenesis-related protein-10 (spot 41), PRm 3 (spot 99),
ribosome inactivating protein 9 (spot 219), permatin precursor (spot 33), substilin
(spot 9), putative quinone oxidoreductase QR2 (spot 19) were seen up-regulated in 21
DAS Mp420 tissues. All the differentially regulated proteins in Mp420 tissues at 21
DAS were up-regulated by at least two -fold. In Mp420 25 DAS, stress-related
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proteins such as glyoxylase (spot 21), chitinase A (spot 125), chitinase (spot 28),
permatin precursor (spot 33) and substilin (spot 45) were seen up-regulated by twofold. In 21 DAS Mp339 tissues, there were 22 proteins up-regulated when compared
to 21 DAS Mp420. But no proteins were found differentially regulated in Mp339 25
DAS tissues compared to resistant line Mp420.
Substilin and chitinase A were among the proteins that were up-regulated in
21 as well as 25 DAS tissues in both resistant lines and were chosen for further
analysis to see if there were DNA sequence polymorphisms by amplifying randomly
regions from the coding region of the genes. The transcripts of the genes were
quantified using real-time PCR. Characterization of differentially regulated genes in
resistant and susceptible inbreds showed polymorphism in several regions in the
genomic sequences in both substilin and chitinase A of the amplified sequence. This
suggests that they could potentially be used as markers in breeding. The quantitative
real-time PCR studies showed that substilin transcripts increased from 21 to 25 DAS
in resistant tissues. The transcript from Mp313E, Mp420 and SC212m had low
expression at 21 DAS, but its levels increased in 25 DAS. In Mp339, the expression
was high at 21 DAS and decreased 9-fold at 25 DAS. This suggests that substilin
may be down-regulated with the gradual development of the maize silk in susceptible
lines and this might be one of the factors contributing to the susceptibility of Mp339.
In Mp313E and Mp420 chitinase A transcript levels were relatively low at in
21 DAS had increased expression in 25 DAS by 0.2-fold (Figure 10). While in
Mp339 and SC212m, the expression was high in 21 DAS tissues and decreased at 25
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DAS by 1 and 0.4 fold respectively (Figure 10). This suggests that chitinase A
transcript may be down-regulated in susceptible lines with the aging of the silk which
renders it susceptible to infections and might be one of the factors contributing to the
susceptibility of Mp339 and SC212m.
Nine proteins, from all the differentially regulated proteins mapped, to
chromosome 1, 2, 4 and 6, which are known to have aflatoxin resistance QTLs.
These included superoxide dismutase (P23445), substilin (Q42420), nuclear transport
factor (Q9XJ54), PRm3 (P93518), germin like protein (O49000), 2, 3
bisphosphoglycerate-independent phosphoglycerate mutase (P30792), peroxidase
(Q6RFL1), chitinase A (Q6JBK8), and polyubiqutin (O65332). This study has given
hope of discovering more markers for marker-assisted breeding by using the
differentially regulated proteins as candidate genes. We strongly recommend a search
for new regions of aflatoxin resistance and also, map all the candidate genes so that
they could be used in marker assisted selection in breeding programs. The
differentially regulated proteins could also be used to enhance host resistance by
over-expressing them in host. The presence of stress-related proteins in resistant
inbred lines and very few in susceptible inbred lines suggest an association of these
proteins with stress tolerance and pathogen resistance.
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Figure 3 1 Comparative proteomic analysis of silk tissues from Mp313E and SC212m collected 21 DAS
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and absent in the other

66

66

Mp313E

pH 3

10

pH 3

10

280kD

10kD
Mp339
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Figure 3.3 PCR amplification of the substilin gene in all inbred lines using genespecific primers from the coding region to yield a product of 250 bp

Figure 3.4 Alignment of the nucleotide sequence of a 250 bp fragment of the
substilin gene amplified from all four inbreds
The amplified region extends from 30 to 270 bp. Regions marked in
red are homologous

Figure 3.5 Protein alignment of the substilin from all inbred acquired by
backtranslation of the amplified coding region
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Figure 3.6 PCR amplification of the chitinase A gene from all four inbreds using
gene-specific primers from the coding region to give a product of 600 bp

Figure 3.6a Alignment of the nucleotide sequence of a 600 bp fragment of the
chitinase A gene from Mp420 and Mp339 from 10 to 600 bp
The polymorphic sites are marked in blue and the consensus region is in
red
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Figure 3.6b Alignment of the nucleotide sequence of a 600 bp fragment of the
chitinase A gene from Mp313E and SC212m from 10 to 600 bp
There were several differences in the sequence marked by regions
other than red. Sequence differences are marked in blue.
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Figure 3.7 Alignment of the nucleotide sequence of a 600 bp fragment of the
chitinase A gene from all inbreds from 10 to 600 bp
There were several differences in the sequence marked by regions
other than red. Sequence differences are marked in blue.
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Figure 3.8 Protein alignment of chitinase A gene from all inbreds acquired by backtranslation of the amplified 600 bp coding region

Figure 3.8a Protein alignment of chitinase A gene from Mp339 and Mp420 inbreds
acquired by back-translation of the amplified 600 bp coding region

Figure 3.8b Protein alignment of chitinase A gene from SC212m and Mp313E
inbreds acquired by back-translation of the amplified 600 bp coding
region
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12
21 DAS

1/CP ratio

10

25 DAS

8
6
4
2
0
Mp313E

Mp420

Sc212M

Mp339

Inbreds

Figure 3.9 Quantitative real-time PCR analysis of substilin transcripts in silk tissues
collected 21 and 25 DAS from Mp313E, Mp420, Mp339 and SC212m
Standard deviation is shown as bars.
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1.2
21DAS

1/CP ratio

1

25DAS

0.8
0.6
0.4
0.2
0
Mp313E

Mp420

Sc212M

Mp339

Inbreds

Figure 3.10 Quantitative real-time PCR analysis of chitinase A transcripts in silk
tissues collected 21 and 25 DAS from Mp313E, Mp420, Mp339 and
SC212m
Standard deviation is shown as bars.

Table 3.1 Proteins up/down-regulated or present in Mp313E silks and absent in SC212m silks collected 21 DAS
Exp
MW

Uniprot
#
O82086
O81217
Q42420
P24632

Spot #
7
8
9
11

O65332

15

Protein name
Pathogenesis related protein-1
Trypsin inhibitor
Substilin /chymotrypsin-like inhibitor
17.8 kd classII heat shock protein
Polyubiquitin
Drought inducible 22 kD protein ,

Q948L3
Q9LD27
Q941Y8
Q5VMA1
Q6ZG90
Q6JN54

31
42
43
50
54
73

Q6XZ79

75

Q6YX04
Q06509
Q8S1V1
74

77
79
80

P30792
Q8S9Q6
Q6RFL1
Q42420
Q6XZ78

88
97
118
122
16
23

Q84QC7

41

Oxalate oxidase
Putative NADPH: oxidoreductase 2
Putative lipase
Putative ATP synthase
Acc oxidase
Unknown
Fructokinase 1
Hypothetical protein
OSJNBa0091D16.14
Caffeic acid 3-O-methyltransferase
Putative xylanase inhibitor
2,3-bisphosphoglycerate-independent
phosphoglycerate mutase
Putative endo-1,3-beta-glucanase
Peroxidase
Unknown
Substilin /chymotrypsin-like inhibitor
Fructokinase 2
Pathogenesis-related protein 10

Species
Zea mays
Zea mays
Zea mays
Zea mays
Elaeagnus
umbellata
Saccharum
officinarum
Trticum aestivum
Oryza sativa
Oryza sativa
Oryza sativa
Zea mays
---------Zea mays

CI% *
100
100
99.9
100

(Dalton)
15000
18000
17000
17000

Exp
pI
3.4
3.5
4
4.3

100

4000

5

9

100
100
100
100
100
100
100

24000
26000
24000
32000
30000
34000
34000
35000

5.6
6.1
6
5.9
5.6
4.2
4.3
4.2

5
4
2
2
2
5
3
3

Oryza sativa
Zea mays
Oryza sativa

0
100
99.19

35000
34000
36000

5.7
5.6
5.6

Zea mays
Oryza sativa
Zea mays
---------Zea mays
Zea mays
Hordeum
vulgare

100
100
99.83

65000
60000
49000

8.5
9
5.7

100
100

11000
15000

4.5
5.2

100

15000

3.4

Expression
↑

↓

↓

Fold
Change
5
6
7
8

-1
5
4
7
-1
4
3
6
-1
8

75

75

Table 3.1 continued
P80639

50

Q43596

67

P23345

80

P11428

77

Q6R326

34

Q9SM20

113

Q5EI63
Q6JBK8

117
125

O49960
Q6Z8P2

161
213

Eukaryotic translation initiation factor
5A (eIF-5A)
Small GTP-binding protein
Superoxide dismutase [Cu-Zn] 4A (EC
1.15.1.1)
Superoxide dismutase [Cu-Zn] 2 (EC
1.15.1.1)
S-like RNase (aligned to 1-228/228, e106)
Glutathione transferase III(B) (EC
2.5.1.18)
Quinone reductase 2
Chitinase A
Polyphenol oxidase
Putative aminoacylase

Zea mays
Oryza sativa
Zea mays
Zea mays
Triticum
aestivum
Zea mays
Triticum
monoccum
Zea mays
Saccharum
hybrd
Oryza sativa

100

20000

5.3

7

100

23000

5.3

-2

100

16000

5.8

6

100

20000

5.7

5

100

22000

4.3

3

100

25000

5.7

7

100
100

24000
25000

5.6
6.6

-2
7

100
100

60000
49000

5.7
5.1

7
-3

* CI- confidence interval for identification of proteins. If the percentage is above 95 it has a confirmed identification
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Table 3.2 Proteins up/down regulated or present in Mp420 silks and absent in Mp339 silks at 21DAS tissues and absent in
Mp339 21 DAS
Uniprot
#
Q6JBN0

Exp mw
Spot #
3

O48556
Q69NG5
Q84QC7

27
28
41

O64960
Q08480
Q08480
P93518
Q6K697
Q60EW3
P25892
Q7SIC9
Q5Z9Z3
Q5QM99
Q5M599
Q42443
Q42444
Q8LQN2

75
45
44
99
116
51
219
220
10
12
15
17
18
19

O24496
P49027
Q6S563
Q38769
Q9XJ54

20
26
32
33
38

Protein name
Chitinase
Soluble inorganic pyrophosphatase (EC
3.6.1.1)
Putative 6-phosphogluconolactonase
Pathogenesis-related protein 10
low molecular weight heat shock protein
precursor
Adenylate kinase
Adenylate kinase
PRm 3
Putative potassium channel beta subunit
Putative 26S proteasome non-ATPase
ribosome inactivating protein 9
transferase
Hypothetical protein P0592B08.32
Putative ribosomal protein L37a
Putative ribosomal protein L37a
unknown
unknown
Putative quinone-oxidoreductase QR2
Hydroxyacylglutathione hydrolase
cytoplasmic
Guanine nucleotide-binding protein beta
subunit-like
Putative ribokinase
Permatin precursor
Nuclear transport factor 2 (NTF-2)

Species
Zea mays

CI
100

(Dalton)
33391.3

Exp
pI
4.88

Zea mays
Oryza sativa
Hordeum vulgare
Zea mays

100
100
100

28000
27000
15000

4.2
4
3.5

2
4
7

100
100
100
100
100
100
100
100
100
100
100

22000
15000
15000
32000
24000
18000
31000
75000
15063.6
4891.5
4891.5

5.1
4.2
4.2
8.5
5.7
5.2
5.5
5.4
5
9.95
9.95

100

21641.9
28737.4

6.2

7
7
7
8
4
4
2
3
3
2
2
3
2
5

5.67

5

6.13
5.74
8.31
5.7

6
6
7
3

Oryza sativa
Oryza sativa
Zea mays
Oryza sativa
Zea mays
Zea mays
Zea mays
Oryza sativa
Oryza sativa
Oryza sativa
-------------------Oryza sativa
Arabidopsis thaliana

100

Oryza sativa
Triticum turgidum
Avena sativa
Oryza sativa

100
0
100
100

expression

fold
changes
5

36214
16107.1
23068
13556.6

77

77

Table 3.2 continued
Q42420
Q94KT5
P24632
Q6XZ79
Q9ST81

9
35-420
11
3-420
4-420
5-420

Q9M598
Q38769

16-420
33-420

O24574
Q5QM99

13-420
12-420
14-420

P49027

26-420
31-420

Substilin /chymotrypsin-like inhibitor
(Proteinase
Alpha-expansin 3 precursor
HSP22_MAIZE
Fructokinase 1
CAA303716.1 protein
unknown
Protein kinase MK5
Permatin precursor
Rubisco small subunit
unknown
unknown
Guanine nucleotide-binding protein beta
subunit-like
unknown

Zea mays
Zea mays
Zea mays
Zea mays
Oryza sativa
----------Mesembryanthemum
crystalllinum
Avena sativa

98
100
100
100
100

Zea mays
-------------------

100

Oryza sativa
----------

100

17000
27715.2
22000
34669
35467.9

4
8.62
5.5
4.87
5.35

7
3
4
3
2
2

7.62
8.31

5
3

8.98

2
2
3

21313.6
100
100

23068
19078.4

36214

6.13
5
4

78

78

Table 3.3 Proteins Up/Down Regulated or Present in Mp339 Silks and Absent in Mp420 Silks at 21 DAS
Accession

Spot#

O82143
Q5Z6P9
Q6JBN6

1
2
3

Q8HTU3
Q67IZ8
Q9ST81
-------Q69QD5
Q6F385
P24632
P24632
Q7Y0Q9
Q6Z676
Q6Z676
Q6XC06
Q6XC06
Q6XC07
O49000

4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

Q8LQN2

20

Q09054
Q8L5C6
O80404

21
22
23

Protein
OsS5a (26S proteasome regulatory
particle
Putative RAD23 protein
Chitinase
Putative translation elongation
factor eEF-1 beta' chain
Putative PrMC3
CAA303716.1 protein
unknown
Putative chaperonin 21
Expressed protein
HSP22_MAIZE
HSP22_MAIZE
unknown
Cystatin (Fragment)
Putative phi-1
Putative phi-1
Glyoxalase I (EC 4.4.1.5)
Glyoxalase I (EC 4.4.1.5)
Glyoxalase I (EC 4.4.1.5)
Germin-like protein 4
quinone-oxidoreductase
Putative
QR2
Glyceraldehyde-3-phosphate
dehydrogenase, cytosolic
Xylanase inhibitor protein I
precursor
Chitinase precursor

Sspecies
Oryza sativa
Oryza sativa
Zea mays
Oryza sativa
Oryza sativa
Oryza sativa
------------Oryza sativa
Oryza sativa
Oryza sativa
Oryza sativa
SacOF
Oryza sativa
Oryza sativa
Zea mays
Zea mays
Zea mays
Oryza sativa
Oryza sativa
Zea mays
Triticum
aestivum
ROSI

Exp mw
(Dalton)
42240.8

Exp pI
4.46

CI

expression

fold changes

4.61
4.87

100
100
98.9

2
3
4

34870.6
35467.9

4.55
4.93
5.35

100
100
100

25588.8
20735.5
17788.1
17788.1

8.67
4.96
5.33
5.33

100
100
100
100

12304.3
33284.7
33284.7
32324.4
32324.4
32324.4
22806.7
21641.9

5.52
8.45
8.45
5.82
5.82
5.82
6.58

100
100
99.75
100
100
100
100

3
4
6
5
4
7
4
8
3
2
2
2
3
3
3
4

6.2

100

6

6.41

100

3

7.14
8.78

100
100

2
7

42535.6
38929.9
23392.7

36548.8
34303.1
21129.2

79

79

Table 3.4 Spots present in Mp313E silks and absent in SC212m silks at 25 DAS
Ex MW
Spot#
18
8
11
a
29

Accession
O81217
O81217
P24632

Protein
Trypsin inhibitor
Trypsin inhibitor
HSP22_MAIZE
unknown
Abscisic acid- and stress-inducible protein

O49149
Putative 26S proteasome regulatory particle triple-A

14

Q5SNC0

8
88
98
100
54
33
28

Q94IQ8
Q41802
P93518
Q8S9Q6
Q6ZG90
Q5VPF1
Q49149

26
35
5
125
16

Q7XXS5
Q6R327
Q8H6A5
Q6JBK8
Q42420

Putative methyl-binding domain protein MBD106
Defence-related protein precursor
PRm 3
Putative endo-1,3-beta-glucanase
Putative ATP synthase
Putative beta 1 subunit of 20S proteasome
unknown
Hypothetical protein, putative universal stress-related
protein
S-like RNase
Translationally controlled tumor protein-like protein
Chitinase A
Substilin /chymotrypsin-like inhibitor (Proteinase

(Dalton)
7000

Exp
pI
5.6

16000

4.3

17000

Oryza
sativa
Oryza
sativa
Zea mays

Species

Zea mays
Zea mays
Zea mays

CI
%

expression

fold
changes

100

3

3.9

100
100

5
6

17000

7.8

100

2
3

49000

5.1

100

4

75000

4.4

100

3

Zea mays
Zea mays
Oryza sativa
Oryza sativa
Oryza sativa

16000
30000
32000
27000
23000
16000

8.5
9.5
9.6
7.6
6.8
7.6

100
100
100
100
100

Oryza sativa
Wheat
Zea mays
Zea mays
Zea mays

6
4
4
7
5
7
5

17000
22000
26000
25000
40000

7
4.9
4.5
6.6
4.5

100
100
100
100
100

4
2
5
6

80

80

Table 3.5 Proteins up/down-regulated or present in Mp420 silks and absent in Mp339 silks 25 DAS.
Accession
Q5Z9Z3
Q5Z9Z3
Q42420
Q5QM99
Q5QM99
-------

Spot#
10
9
45
12
15

Protein
Hypothetical protein P0592B08.32
Hypothetical protein P0592B08.32
Substilin /chymotrypsin-like inhibitor
Putative ribosomal protein L37a
Putative ribosomal protein L37a
unknown

14

P49027
Q6XC06
Q9XJ54
Q38769

26
21
38
33

---------

32

O04823
Q6JBK8
Q9XJ45
Q6JBN0
P83649
Q8S9Q6

36
125
37
28
71
99

Guanine nucleotide-binding protein beta
subunit-like
Glyoxalase I (EC 4.4.1.5) )
Nuclear transport factor 2 (NTF-2)
Permatin precursor
unknown
Hypothetical protein
Chitinase A
Ran
Chitinase
Salt-stress root protein RS1
Putative endo-1,3-beta-glucanase

Species
Oryza sativa
Oryza sativa
Zea mays
Oryza sativa
Oryza sativa
--------Oryza sativa
Zea mays
Oryza sativa
AVESA
--------Sporobolus
stapfianus
Zea mays
Oryza sativa
Zea mays
Oryza sativa
Zea mays

Exp
MW
13000
14000

Exp
pI
4
4

CI
%
100
100

4800
15000

5.8
6.9
-

100
100

-------

---

expression

fold
changes
2
2
6
4
4
6

--3

34000
30000
48000
23000
-------

6.5
5.7
7.1
8.2
---

---

100
100
100
100
-

3
4
5
4
3

22000
25000
25000
31000
31000
32000

6.1
6.6
7.1
4.5
4.9
9.6

100
100
100
100
100
100

4
7
3
5
3

81

81

Table 3.6 Proteins found in this study that map in known quantitative trait loci for aflatoxin accumulation and their associated
markers.
Accession
P23345
Q42420
Q9XJ54
P93518
O49000
P30792

Gene name
superoxide dismutase 4A
substilin
nuclear transport factor
PRm3
Germin like protein
2,3 bisphosphoglycerate-independent phosphoglycerate mutase

Q6RFL1
Q6JBK8
O65332

Peroxidase
Chitinase A
Polyubiquitin

coordinate
1.03
6.01
1.06
4.06
4.06
6.05
2.08
2.04
4.1

Bin
1.03
6.01
1.06
4.06
4.06
6.05
2.082.10
2.04
4.1

marker
bnlg439
bnlg1154
bnlg439
bnlg2291
bnlg2291
bnlg1154

QTL ID
afl2
afl7
afl2
afl5
afl5
afl7

bnlg371
bnlg2291
bnlg2291

afl3
afl5
afl5

chromosome
1
6
1
4
4
6
2
2
4

* QTL ID- According to Brooks et al., 2005
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CHAPTER IV
PROTEOMIC IDENTIFICATION OF DIFFERENTIALLY REGULATED MAIZE
INBREDS CHALLENGED WITH ASPERGILLUS FLAVUS
Abstract
We have attempted to study the proteins that are abundant in Aspergillus flavus resistant
and susceptible maize inbreds by inoculating open-pollinated maize with conidia of
Aspergillus flavus 15 days after silking (DAS). It has been postulated that the fungus
enters the ear via the silks, hence we inoculated through the silk channel and identified
proteins that were either present or up-regulated in the inoculated samples and downregulated or absent in the control. Control silks were collected from maize inbreds
Mp313E, Mp420 (resistant) and SC212m, Mp339 (susceptible) 21 DAS and the
inoculated ears were collected 6 days after inoculation (DAI). Silk proteins were
extracted and analyzed by 2-dimensional gel electrophoresis (2-DE). Gel images were
analyzed by PDQuest® software (BioRad) and comparisons were made among
inoculated and uninoculated samples. MALDI-TOF TOF mass spectroscopy was used to
identify silk proteins that consistently differed among inoculated and uninoculated ears.
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Introduction
Aflatoxins are carcinogenic secondary metabolites produced from Aspergillus
flavus and are of serious concern to plant breeders (Chen et al., 2004). Several
strategies for controlling pre- harvest and post-harvest aflatoxin accumulation have
been developed. The factors that influence A. flavus growth include dry, hot
temperature, insect damage, wind, nutrient deficient soil, water stress and age of silk
(Anderson et al., 1975; Jones et al., 1981; McMilllian et al., 1985; Hamed et al.,
2002). Some research indicated that aflatoxin accumulated in maize kernels two days
after inoculation and reached a maximum level in nine days (Thompson et al., 1983).
There have been studies on contamination of corn kernels using A. flavus transformed
with the Escherichia coli β-D- glucuronidase (GUS) reporter gene to study the fungal
invasion by wounding the cob (Brown et al., 1995). In some studies, the fungus
appeared to colonize the external silks, and then grow down the internal silk into the
cob and spread in the kernel tissues (Munkvold, 2003; Payne, 1998). Silks which are
less mature and also unpollinated have been observed to be resistant to fungal
contamination because they lack nutrients provided by the pollen (Payne, 1992).
Similarly, dry brown silks are also not susceptible because they lack sufficient
moisture (Payne, 1992). In a previous study in the susceptible genotype, the fungus
appeared to spread from kernel to kernel through vascular system of the rachis, while
in resistant inbreds fungal growth appeared to stop in the rachis tissue (Alfaro, 1999,
Magbanua, et al., 2006). Other routes of infection include wounds created by insect
feeding on developing ears (Windham et al., 1999). Compounds isolated from silks
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such as maysin (2” –O-alpha –L-rhanosyl-6-C-(6-deoxy xylohexos-4-ulosyl), and
metho-maysin have been found to be active and responsible for resistance against
corn earworm (Helicoverpa zea Boddie) (Snook et al., 1995). Studies with the inbred
CO272 showed that it possessed a single dominant gene for resistance to the
Fusarium infection via the silks, but the expression of resistance was not detectable
under all environmental conditions (Reid et al., 1995). Silks of maize have long been
hypothesized to be first line of defense against fungal infection by Fusarium and
Aspergillus (Reid et al, 1995). Furfural compounds, known to contribute in the
resistance to Aspergillus was higher in the silks of the resistant genotype (GTMAS:gk, Yellow Creole) compared to susceptible genotypes when exposed to
fiveday A. flavus cultures (Zeringue et al, 2000). Silk also play a role in insect
resistance. Maize inbreds developed from an Iowa synthetic (BSSB) line produced
silks with odor traits that conferred resistance to ear feeding by corn earworm
(Widstrom et al, 1997).
Various strategies have been developed over the years to control aflatoxin
infection. Inbreds resistant to A. flavus/ aflatoxin accumulation have been developed
at Mississippi State by self-pollinating for eight to ten generations to attain the
resistance in the homozygous state (Williams et al., 2005). Resistance levels in
response to environmental conditions have been evaluated in the field using artificial
inoculation techniques (Windham and Williams, 1998a). Plant breeders have been
developing resistant hybrids using strategies that involve introgression of resistance
from the resistant inbreds to elite lines (Williams et al., 2005). The scientists at
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USDA-ARS CHPRRU (Scott and Zummo, 1988, 1990, 1992) at Mississippi State
University have developed and tested several resistant inbreds that have reduced
aflatoxin accumulation (Williams and Windham, 1998b). Two of these resistant lines
(Mp420, Mp313E) that exhibit lower levels of aflatoxin accumulation were included
in the comparative proteomic study (Scott et al., 1990; 1992). These lines were
compared with its inoculated sample collected 6 days after inoculation. Susceptible
inbreds SC212m and Mp339 that typically have much higher aflatoxin levels were
compared with its inoculated sample to see the proteins that were in abundance when
challenged with A. flavus (Windham et al., 2002).
Since we were interested in proteins whose expression increased in response
to A. flavus inoculation, we used the silk channel technique to avoid wound-induced
protein expression. A. flavus has been postulated to enter through silk channel but
there has been no detailed study to prove this hypothesis. We have taken this model
into account and conducted an extensive examination of silk proteins that increase in
abundance in response to inoculation by A. flavus. Proteomes of uninoculated and
inoculated maize inbreds that are resistant and susceptible to aflatoxin accumulation
were compared.
Materials and Methods
Plant Material
Silks of resistant minbreds (Mp313E, Mp420) and susceptible maize inbreds
(SC212m, Mp339) were collected from three years (2002, 2003 and 2004). All the
crops were planted in the field during the second week of April. Individual plots
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were a single row, 5.1 m in length spaced 0.96 m apart and thinned to 20 plants per
plot at approximately the V5 stage (Ritchie et al., 1982). Conventional tillage
methods were used. Herbicides and fertilizer (application based on soil tests) were
applied according to standard cultural practices for corn in northern Mississippi.
Plants were allowed to open pollinate and were tagged at silk emergence. Silks were
inoculated with conidia of A. flavus isolate 3357 on 15 days after silking (DAS) and
were collected 6 days after inoculation (DAI). Each year, one-half of the plants were
inoculated via the silk channel with A. flavus at a concentration of 3 x 107 conidia per
ml. After harvesting, the tops of the silks were cut off before the husks were peeled
and the inside silks corns were collected 21 and 25 DAS. The silks were cut into 1
cm pieces and frozen in liquid nitrogen. The tissues were stored at -80°C.

Protein Extraction, Solubilization and Measurement
Proteins were extracted by powdering 3 g of silks in a 6800 Freezer Mill
(Spex Certi Prep Inc, Metuchen, NJ) in the presence of liquid nitrogen. Samples were
extracted using the phenol extraction method of Hurkman, et al (1986). The protein
pellets were stored at -80°C. Three independent protein extractions from 2002, 2003
and 2004 harvest were used for 2-D gel electrophoresis (2-DE). There was
statistically no significant difference in total protein concentration from the
independent extractions (α=0.05). The pellets were dissolved in 420 µl of
rehydration buffer (4% Chapso, 1% DTT, 9 M urea, 0.16% pH 4-7 and 0.4% pH 3-10
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ampholytes). The protein concentrations were determined using RC-DC kit (BioRad).
First Dimension
In each isoelectric focusing set, 2 mg of protein of from resistant and
susceptible inbred from three independent extractions were loaded on three non linear
pH gradient 3-10 IPG strips (Bio-Rad). Proteins were quantified using the RC-DC kit
(Bio-Rad) after the pellet was dissolved in rehydration buffer. Proteins were
separated according to charge in the electro-focusing system (Protein IEF cell, BioRad), at 23°C using 24 cm IPG (Bio-Rad) strips with a non-linear immobilized pH
gradient of 3-10. Strips were dehydrated for 12 h before isoelectric focusing for 2 h
at 250V, 10000V for 4 h and then V-hr at 10,000V until it reached 99999 V-hr. After
electrofocusing, the strips were either stored at -80°C or immediately put in
equilibration buffer containing 6 M urea, 2% sodium dodecyl sulphate, 1.5 M TrisHCl pH 6.8, 20% glycerol, 5% β-mercaptoethanol (Bio-Rad, recommended protocol)
and separated on Protean Plus Dodeca Cell (Bio-Rad).
Second Dimension
Twelve SDS-PAGE gels were poured simultaneously in the multicasting
chamber (Bio-Rad, Hercules, CA). There was 10-15% acrylamide gradient in each
gel. Three independent extractions from each inbred from every year were separated
on the Protean Plus Dodeca Cell at 2.0 mamps /gel. A 2D marker (Bio-Rad,
Hercules, CA) was run with every set so that this could be used to calculate the
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experimental molecular weight and pI. In each run, three gels from resistant or
susceptible inbred were run with three gels of its inoculated sample and a 2D marker
was also run with it. A one dimensional marker from 10- 200 kD (Sigma, St. Louis,
MO) was also used for every gel. All the gels for one comparative analysis were run
under same experimental conditions to reduce variation caused by experimental error.
Protein Staining
Gels were stained with colloidal Commassie Brilliant Blue G-250 (Sigma, St.
Louis, MO). Gels were stained overnight and were destained with solution
containing 10% acetic acid and 30% methanol. Gels were then scanned with a FluorSTMMultiImager (Bio-Rad) and were wrapped in plastic wrap and were stored at 4°C.
All gels were imaged at the same resolution and exposure.
PDQuest® Analysis
Images of gels were taken and compared using PDQuest® (7.1.0.036)
software Bio-Rad). Images of three replicas of control gels were compared with
images of three replicas of inoculated gels for one year. The gel that had the most
spots was chosen as the master gel. After subtracting the background spot volumes,
they were normalized for differences in staining intensity. Spots were chosen for
analysis after they passed the quality scores. The spots that were included in the
qualitative score were those that were consistent in size and shape and those which
were consistent within the linear range of the densitometer. The spots that passed the
qualitative score and appeared to be different in the resistant and susceptible

90
proteomes were quantitatively scored. This score was based on the spot intensity and
area and only those spots that passed the qualitative score, which was based on peak
intensity area within the linear range of the imager, and had no streaking, or overlap
of spots and was a good fit to Gaussian model were considered. Only those proteins
that were consistently different in control versus inoculated inbreds in all three
replicas of all three years were considered for quantification and were excised and
identified.
MS Analysis of Gel Spots
For MS-MS the spots were cut using the robotic digester and spot cutter
(Investigator Pro-prep 4 block system, Genomics Solutions, Ann Arbor, MI; Robotic
Bio-Rad proteome work station). The digester was programmed to reduce the spots
with 10 mM DTT (Sigma, St. Louis, MO) for 5 min and alkylation with 100 mM
iodoacetamide (Sigma, St. Louis, MO) for 30 min. These spots were then
automatically digested with trypsin (Promega, Madison, WI) (1:50 w/w, 16h, 37°C)
and were extracted in a solution containing 0.1% formic acid and 5% acetonitrile
(Sigma, St. Louis, MO). The spots were mixed with 5 mg/ml of α-cyano-4hydroxycinnamicacid dissolved in 70% acetonitrile and 0.1% trifluoroacetic acid and
were then subjected to MALDI TOF/TOF (ABI 4700 Proteomics Analyzer, Applied
Biosystems). Protein identifications were performed using the Result Dependent
Analysis (RDA) of ABI GPS sofware, Version 3.5.
The MS peak filtering was at 800 - 4000 m/z, monoisotopic, with a minimum
S/N=10 and a mass tolerance of 150 ppm. The MSMS peak filtering was 0 - 105 %
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m/z of parent ion, monoisotopic, with a minimum S/N=3, and a MSMS fragment
tolerance of 0.2 Da. Proteins with at least 95% confidence interval and maximum of
three precursors/ proteins were selected.
Results and Discussion
In 1998, 1999 and 2000, the inbred Mp313E had significantly less aflatoxin
contamination than the other inbreds in the study (Windham et al., 2002). The levels
of infection for all the maize inbreds were determined using the VIACAM method for
measuring the amount of aflatoxin in the corn ear. Aflatoxin levels were highest in
SC212m from all the inbreds evaluated for its aflatoxtin concentration.
Consequently, these two inbreds and two other resistant (Mp420) and susceptible
(Mp339) were used in this study. Figure 1 represents the changes in protein
abundance between inoculated and control samples for all three years of sampling.
The only inbred that responded to inoculation by increasing the expression of
different proteins was Mp313E, the most resistant inbred. In Mp420 and Mp339,
inoculation appeared to suppress the accumulation of additional proteins. In
SC212m, there was no detectable response to inoculation. Comparison of control
inbreds to their inoculated counterparts using PDQuest® indicated that Mp313E was
the only inbred out of the four that showed increased abundance of proteins in
response to inoculation with A. flavus (Figure 4.1). There were 50 proteins that were
consistently more abundant in the Mp313E inoculated sample than in the control
(Figure 2, Table 1). Out of the 50 proteins, 12 proteins were not identified. In
Mp313E there were 29 proteins that were more abundant in the control than in the
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inoculated sample and only one could not be identified (Figure 4.2, Table 4.2). There
were 11 proteins present in the Mp313E control (Table 4.2) that are known to be
stress-related proteins and in the Mp313E inoculated sample there were 16 stressrelated proteins (Table 4.3). The identified proteins ranged from 4-200 k Da and pI
3-10. For some identifications, the proteins did not match the calculated molecular
weight and pI, but since they were identified with a 95% confidence interval (CI) by
MALDI-TOF-TOF, these identifications were accepted. Proteins that were
consistently different in the gels from three harvests and had a score above 95% CI
have been listed in the Tables.
Some spots in the inoculated and control Mp313E samples with different pI
and molecular weight had the same identifications. In the inoculated Mp313E spots
9310, 9415 were identified as fructose-kinase-bis-phosphatase-like protein. There
were approximately seven spots (9713, 9709, 9710, 99243, 99242, 99241, 99240) that
were identified as a putative oxidase in inoculated Mp313E. All the spots were very
close to each other on gel. Such trails of pI heterogeneity and molecular weight could
be related to conformational equilibria and different three-dimensional structures
(isoforms) of a polypeptide (Berven et al., 2003). Spot 4002 and 5901 were identified
as aldo/keto reductase in the inoculated Mp313E sample. Spot 4002 had a molecular
weight of 14 kd and a pI of 5.7, while spot 5901 had a molecular weight of 100 kd
and pI closer to 6.0. The presence of multiple spots could also be due to introductions
of artifacts during extraction or separation procedure (Berven et al., 2003). Hence,
we used phenol extraction procedure which has been reported to be effective in
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removal or avoiding uncontrollable modifications of the proteins such as oxidation by
endogenous or applied phenolic compounds, carbamylation (Hurkman and Tanaka,
1986; McCarthy et al., 2003). The other reasons for this phenomenon could be
because the proteins may be from closely conserved family members, the migration
of these spots may also be due to aberrations in the amino acid sequences and also
that protein could undergo post translational modification.
The identified stress proteins that were more abundant in the inoculated
Mp313E were endo-1, 3 beta-glucanase (spot 9410), putative peroxidase (spot 9612,
9613), proteasome alpha subunit type 3 (spot 6101), putative oxophytodienoate
reductase (spot 9611), putative oxidase and aldo/keto reductase (spot 5901, 4002).
Endo-β-glucanases are called as pathogenesis related proteins (PR) and are
categorized as PR-2 proteins (Theis et al., 2004). Endo- beta 1, 3 glucanases, seen in
Mp313E samples inoculated samples was up-regulated in maize embryos due to
pathogen stress (Chen et al., 2004). Hypothetical proteins whose functions have still
not been identified were blasted to see the protein to which it closely matched. Most
of the hypothetical proteins matched with genes from Arabidopsis thaliana.
Hypothetical protein OJ1217B09.12 showed protein sequence similar to Avr9/cf-9
elicited protein 75 (Q9FQY9). This protein was observed in tomato and tobacco
resistance to fungal pathogen Cladosporium falvum by inducing the Cpf-9 gene that
confers resistance (Durrant et al., 2000). In the case of the Mp313E control samples,
the stress-related proteins that were abundant than in the inoculated Mp313E sample
included endo 1, 3 beta-glucanase (spot 9705-6), PRm3 (spot 8301), exo-glucanase
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precursor (spot 99237), glutathione transferase (spot 99225) and putative peroxidase
(spot 9609). Though endo-1, 3 beta glucanase was present in the inoculated as well
as the control Mp313E sample, these were identified from spots that had different
molecular weight and pI. Hence, different isoforms of the protein could be expressed
in response to inoculation. Also, there was a decrease in expression of endo-1, 3 beta
glucanase in the inoculated sample by two folds (Table 4.1 and 4.2). These are
indicative of proteins whose expression was decreased or down-regulated in response
to the pathogen. These proteins that decrease in abundance can provide insight into
the silk response to fungal growth. In the Mp313E control, there were antifungal
proteins such as Prm3 (P93158), which has been observed to be expressed in corn
leaves during abiotic stress (Didierjean et al., 1996). Lack of up-regulated expression
of PRm3 after Mp313E was challenged with A. flavus also suggests that downregulation of proteins also play important role in plant’s susceptibility. Glucanases,
glutathione- S- transferase, endo 1, 3 beta-glucanse and PRm3 were abundant in
Mp313E control. There were multiple spots in the control and inoculated sample that
were assigned to same protein accession. Protein sequence of hypothetical protein
(spot 99180) also called as putative universal stress protein which was abundant in
Mp313E control was found to be similar to putative early nodulin ENOD18 (Q8S292)
in rice http://www.pir.uniprot.org/cgi-bin/upEntry?id=Q8S292_ORYSA. It was
electronically annotated in uniprot as protein that works in response to stress.
In control verses inoculated Mp420, only eight proteins were differentially
expressed in inoculated sample as compared to Mp420 control (Figure 4.3, Table
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4.3). In the inoculated Mp420 sample spots 8708 and 8706 corresponded to putative
poly-A-binding protein. Of the eight proteins in the inoculated Mp420 sample, three
proteins could not be identified and three proteins from the control were not identified
either. Proteins such as polyphenol oxidase and heat shock protein 70 were the
stress-related protein identified in the Mp420 inoculated sample. There were 12
proteins in the control Mp420 samples that were not expressed in inoculated Mp420
sample (Table 4.4). No proteins in control Mp420 were known stress-induced
proteins and most of them were house-keeping proteins. These included fructokinase
I (spot 1409), glutamine synthase root isozyme (spot 1508), alpha 1, 4 glucan
synthase (spot 3412), RF2 male cytoplasmic sterility factor (spot 5605), protein
kinase MK5 (spot 4109), OSJNBa0036B21.10 protein (spot 7211), and D-TDPglucose dehydratase (spot 7413). In Mp420, there were a number of proteins that
were more abundant in the control than in the inoculated Mp420 sample. more than
90% proteins were constitutive proteins.
In Mp339, there were only 9 proteins that were more abundant in the
inoculated sample than in the control (Figure 4.4, Table 4.6). Whereas, Mp339 had
ten proteins that were more abundant in the control than in the inoculated sample
(Figure 4.4, Table 4.7). There were three proteins that were not identified in the
inoculated sample, while all the differentially expressed proteins in the control were
identified. There were three proteins related to stress expressed in the inoculated
sample of Mp339 and all others were constitutive proteins. The stress-related
proteins included substilin (spot 7508), putative stress-induced protein sti1 (spot
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6714) and glycine-rich RNA binding protein (spot 5004). Park et al., (2001) and Shin
et al., (2002) showed that transgenic expression of tobacco of stress-inducible gene 1
(sti 1) led to expression of many pathogenesis-related genes resulting in tolerance to
salt and pathogens. Three proteins from the control Mp339 were related to stress
proteins. These were endo 1, 3 beta glucanase (spot 9405), substilin (spot1011),
putative chaperonin 21 (spot 2205) and chitinase (spot 9207). Substilin (Q42420)
was present in both inoculated and control Mp339, but was seen to be up-regulated by
one fold in the control Mp339. The spot identified in inoculated sample as substilin
had a molecular weight of 35 kd and has pI of 7.5 and the control spot had a
molecular weight of 7 kd and a pI of 4.5. We assume that this protein has undergone
a post-translational modification and seems to have functional group attached to it
that has turned the protein into high molecular weight with an alkaline pH. This
could also be a part of defense mechanism in plants. Multiple assignments could also
be due to amino-acid sequence aberrations, polypeptide conformational equilibria and
it could be also an artifact (Berven et al., 2003). Also, substilin was expressed by atleast 1 fold in the control compared to inoculated Mp339. Down-regulation of
important proteins that help in defense against pathogens could also be responsible
for the susceptible phenotype. The expression of chaperonins under stress has been
studied in cold, drought and salinity (Sabehat et al., 1998). The number of proteins
differentially expressed in control was more than the inoculated samples. We
analyzed proteome of silk tissues from SC212m control and inoculated tissues from
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three growing seasons and none of the gels showed any difference in the expression
pattern (Figure 4.5).
The proteins that differed in abundance in control and inoculated samples
were quantified using PDQuest® software (Bio-Rad). The expression ratio in all
tables (Table 4.2-4.7) describes the ratio of spot area and intensity measured from the
inoculated sample to the control or vise-versa. Only those proteins that were present
or quantitatively more abundant in one sample compared to other sample by at least
2-fold are listed in the tables. In Mp313E, proteins such as putative zinc finger
protein (spot 9517), anionic peroxidase (spot 9516), an unknown protein (spot 301),
putative oxidase (spot 9713, 9709), an unidentified spot (spot 5902), exo-glucanase
protein (spot 3901) were at-least 8-fold more abundant in the inoculated sample than
in the control. Photosynthesis-related proteins such as photosystem I reaction center
subunit IV (spot 2701) and photosystem II stability/assembly factor were 7-fold more
abundant in the inoculated sample than in the Mp313E control (Table 4.1). Proteins
related to oxidative stress such as putative aldo/keto reductase (spot 5901), putative
peroxidase (spots 9612, 9613) and anion peroxidase precursor (spot 9516) were at
least 5-fold more abundant in the Mp313E inoculated samples than the control (Table
4.1). Aldose reductase which was more abundant in inoculated Mp313E is involved
in the synthesis of sorbitol, an osmolyte which plays an important role in dessication
tolerance in barley embryos. This protein was found to protect transgenic tobacco
plants from lipid peroxidation in the presence of Paraquat and heavy metal as well as
drought stress (Oberschall et al., 2000). In Mp313E control samples, proteins related
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to stress such as putative endo-1, 3 beta glucanase (spot 9511) and putative
peroxidase (9609) were found to be more abundant by 8-fold (Table 2). Proteins such
as eukaryotic translation initiation factor A (spot 3101), glutathione transferase,
putative endo-1, 3 beta glucanase (spot 9508, 9705, 9706) were also at least 3-fold
more abundant in the control than in the inoculated sample. In Mp420 inoculated
sample nuclear transport factor 2 (spot 1209), heat shock protein 70 (spot 8707) and
polyphenol oxidase (8602) were approximately 8-fold more abundant than in the
control Mp420. In the Mp420 control sample, male sterility restorer protein (spot
5605) and an unidentified protein were more abundant by 7-fold compared to
inoculated Mp420 gels. In Mp339 inoculated sample glycine-rich binding protein
(spot 5004) was found to be more abundant by 7-fold and stress related proteins such
as substilin (spot 7508) and putative stress-induced protein sti 1(spot 6714) were upregulated at least 2-fold. In Mp339 control samples, expressed protein (spot 1506),
chitinase (spot 9405), hydrolase like protein (spot 8104), substilin (spot 1011) and
chaperonin 21 were more abundant by at least 3-fold than the inoculated sample.

Conclusions
In this study, the only inbred that significantly responded to A. flavus
inoculation by accumulating more proteins was the resistant inbred Mp313E. This
helped us to conclude that the most A. flavus resistant inbred Mp313E had a
concerted response to inoculation and showed an up-regulation of proteins. This
pattern was not observed in other inbreds, especially the most susceptible inbred
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SC212m. Identification of stress-related proteins that increase in abundance to fungal
inoculation high-lights the importance of their expression in plant resistance.
Presence of proteins other than stress-related proteins also indicates an association
between stress tolerance and maintenance metabolic balance by up-regulation of
house-keeping genes during pathogen infection.
There were some proteins that were up-regulated in the control samples and
when challenged with A. flavus the expression of the proteins decrease. Endo 1, 3
beta-glucanases were expressed in Mp313E control and inoculated, but the fold
decreases in the inoculated sample compared to control. Similarly, substilin was
identified in Mp339 control and inoculated but had 1 fold decrease in expression in
inoculated sample. These are indicative of proteins whose expression was decreased
or down-regulated in response to the pathogen. The proteins that decrease in
abundance can provide insight into the silk response to fungal growth.
.
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(B) Proteins that were more abundant in silks from control Mp313E than those inoculated with A. flavus (6 DAI)
Spots marked in red are those that are present in the one treatment and and absent in the other. Proteins that
are up-regulated in Mp313E inoculated and control are listed in Tables 1 and 2, respectively. The spot number
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Figure 4.4 Master gel image of Mp339 control and
Mp339 inoculated with A. flavus (6 DAI)
Spots marked in green are those present
only in Mp339 inoculated samples and in
blue are those present only in Mp339
control

Figure 4.5 Master gel image of SC212m control and the
inoculated with A. flavus (6 DAI)
No consistent difference in protein expression was
observed between inoculated and control samples
in three growning seasons.
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Table 4.1 Proteins that were present or quantitatively more abundant in Mp313E silks inoculated with A. flavus (6 DAI)
compared to the Mp313E control
Only proteins with a 2-fold or greater change in abundance were included.

UNIPROT

spot

Protein

Q6XZ79

501

Fructokinase 1

-------

301

unknown

Calculated
Mw (K
Calculated CI
Da)
pI
(%)
34

3

3.4

24

8

3.4
5

21
12

2
3

5.1
5.5

14
10

2
7

6.8

17

4

-----21.8

----8.33

--100
---

-------Q5ZDH2

4002
7002

unknown
putative p60 katanin

-----25

---6.01

-------

9108

-----21.5

----

Q7EZJ0

6101

unknown
putative ubiquitin specific
protease
Euk translation initiation factor 3
subunit 11
proteasome alpha subunit type 3
Hypothetical protein
P0544H11.36
FKBP-like protein
FKBP-like protein
Putative endo-1,3-beta-glucanase
Putative peroxidase
Putative peroxidase
hypothetical protein
unknown

99.44
---

6.1

0

3

5.7

19

6

9.05
5.92

0
100

2
7

5.75
5.6

22
25

3
6

9.17
6.02
6.02
9.6
8.1
8.1
9.54

98.54
100
98.6
100
100
100
95.38

5
4
4
7
8
9
6
-

8.9
8.9
8.9
8.5
8.5
8.5
7

25
30
31
34
50
50
34
37

3
4
2
2
5
5
7

-------

9518

----

35

unknown
Putative DsTP1 protein

9311
9310
9415
9410
9612
9613
9519

-----

4.5

201
2001

Q6Z6D0
Q9XYR9
Q9XYR9
Q8S9Q6
Q5JMS4
Q5JMS4
EST

------

Fold
change

------Q5VNG7

7201
6302

100

Exp mw
(K Da)

12
--4
4
--

Q94HF1
Q9LSU0

4.87

No. of Exp
peptides pI

5.1
27.9
39.5
41.2
41.2
17.8
38.6
38.6
13.5
------

6.9

4

104

104

Table 4.1 continued
Q84T71
O04710

9517
9516

Q9AY35

9414

Q6Z965
Q84SL0

9611
9712

Q949C2
Q6YXT5
Q6YTX5
Q6YTX5
Q6YTX5
Q6YTX5
Q6YTX5
Q6YTX5
Q94HY4
Q9LLB8
Q8S463
--------------Q94HY4
-------------

9711
9713
9709
9710
99243
99242
99241
99240
4002
3901
7904
7903
5902
5901
2901
2903

Q8H7N4

2902

Q9LE46
P13194
Q5XPX5

2602
2701
2602
5701

Putative zinc finger protein
Anionic peroxidase precursor
Putative chloroplast-targeted
beta-amylase
Putative 12-oxophytodienoate
reductase
Putative calcium-dependent
protein kinase
Anaphase-promoting complex
subunit 8-like
Putative oxidase-like
Putative oxidase-like
Putative oxidase-like
Putative oxidase-like
Putative oxidase-like
Putative oxidase-like
Putative oxidase-like
Putative aldo/keto reductase
Exoglucanase precursor
Putative prpol
unknown
unknown
Putative aldo/keto reductase
unknown
unknown
Hypothetical protein
OJ1217B09.12
Hypothetical protein
P0699D11.20
Photosystem I reaction center
subunit IV, chloroplast
Actin
unknown

17.6
20.4
48.7

5.24
5.87

100
99.99

3
6

6.8
5.8

34
33

8
8

6.65

1000

9

6.2

35

3

5.93

99.9

3

5.9

49

4

9.48

100

5

6.3

52

6

14.8
14.8
14.8
14.8
14.8
14.8
14.8
13.3
66.2
19.2

8.77
10.19
10.19
10.19
10.19
10.19
10.19
10.19
10.03
6.92
9.58

100
100
100
100
100
100
100
100
100
91.9
100

4
4
3
2
3
3
3
3
5
5
4

13.5

10.03

0

5

6.2
7
7
6.9
6.9
6.8
6.8
6.7
5.7
5.9
5.7
5.7
5.6
5.6
5
5

51
72
73
72
73
72
73
73
14
75
75
90
105
100
105
100

3
8
8
4
3
5
7
3
6
7
8
9
8
7
8
6

11.27

95.5

4

4.9

105

3

8.04

100

3

5.1

72

3

10.6
5.24

100
99.96

3
8

5.1
5
5.4

70
40
57

7
3
5

17.6
12.7
18.3

6.7
11.7
11
41.9
---------

105

105

Table 4.1continued
Q9FJ94

5601

Q8LNU2

3602

Q7XSJ6

3603

O82660

3502

---------

8901

Similarity to myosin heavy chain
kinase (aligned to
Putative signal tranduction
protein (aligned to
OSJNBb0078D11.10 protein
(aligned to 1-418/420,
Photosystem II stability/assembly
factor HCF136, Chloroplast
precursor
unknown

23.2
8.94

100

4

5.5

40

6

6.1

100

8

5.2

40

2

5.41

100

4

5

37

8

9.45

100

5
---

5.5

35

6

----

----

-------

----

---

2

----

----

----

---

2

65.1
47.8
15.3

unknown
--------

8902

-

-

---

Table 4.2 Proteins that were present or quantitatively more abundant in Mp313E control silks than those inoculated with A.
flavus (6 DAI)
Only proteins with a 2-fold or greater change in abundance were included.

UNIPROT

Spot

Q6XZ79
Q6XZ79

2501
2502

O48556
Q5N9D6
Q5EUE1

2401
2601
701

Q9VWX8

1601

Calculated
Mw (K Calculated
Protein name
Da)
pI

Fructokinase 2
Fructokinase 2
Soluble inorganic
pyrophosphatase (EC 3.6.1.1)
Putative actin
Protein disulfide isomerase
CG5907-PA, isoform A
(Cg5907-pb, isoform

35.9
35.9
24.4

41.8
56.9
6.2

CI
No. of
(%) peptides

Exp
pI

Exp
mw (K
Fold
Da) change

5.34
5.34

100
100

19
19

4.3
4.3

33
33

5
4

5.46
5.18
5.01

100
100
100

8
13
36

4.2
4.2
3.7

25
38
51
60

2
6
3

5.21

0

4

5.6

8

106

106
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O24496
Q9LY46
P80639
Q9LSU2

5401
99180
3101
7001

Q7XXS5
Q6AVR6
P93518
Q9SM20

99197
9202
8301
99225

Q9LLB8
Q8S9Q6
Q5JMS4

99238
99237
9511
9609

Q8S9Q6
Q9M7E5
Q8S9Q6
Q8S9Q6
Q9FSE2
Q9FSE2
Q9LLR3

9508
9608
9705
9706
9708
9707
9105

P21569
Q9FTU2

9106
9107

Hydroxyacylglutathione hydrolase
cytoplasmic (EC
Hypothetical protein F27K19_170 (aligned
to
Eukaryotic translation initiation factor 5A
(eIF-5A)
Proteasome subunit alpha type 2 (EC
3.4.25.1) (20S
Hypothetical protein (Putative universal
stress protein)
Putative F8K7.10 protein (aligned to
PRm 3
Glutathione transferase III(B) (EC 2.5.1.18)
unknown
Exoglucanase precursor
Putative endo-1,3-beta-glucanase
Putative peroxidase
(Q8S9Q6) Putative endo-1,3-betaglucanase
Elongation factor 1 alpha
Putative endo-1,3-beta-glucanase
Putative endo-1,3-beta-glucanase
D-TDP-glucose dehydratase
D-TDP-glucose dehydratase
Vacuolar targeting receptor bp-80
Peptidyl-prolyl cis-trans isomerase (EC
5.2.1.8)
Hypothetical protein OSJNBa0086P08.24

28.4
5.67

100

16

9.46

100

2

5.61

100

5.53

5.7

25

8

5.2

20

7

9

5.1

17

5

100

15

5.6

2

2

6.06
5.11
4.29
6.05

100
100
100
100

4
7
2
10
--

5.8
5.9
5.8
5.8

17
22
25
40

3
3
7
4

---6.92
9.6
8.1

---100
100
100

14
8
16

5.9
5.95
8.9
8.5

74
75
35
42

6
2
8
9

9.6
9.19
9.6
9.6
7.16
7.16
7.04

99.99
100
100
100
100
100
100

6
12
8
8
12
12
1

8.5
7.3
8.2
8.2
8.6
8.6
7

42
40
50
50
60
60
17

4
3
4
2
4
7
4

8.91
8.79

100
100

4
8

6.8
8.4

19
19

7
2

7.5
17.7
25.3
17.3
25.2
8.2
23.6
--------66.2
17.8
38.6
17.8
49.7
17.8
17.8
39.3
39.3
104.3

-

18.3
15.4

107

107

Table 4.3 Proteins that were present or quantitatively more abundant in Mp420 silks inoculated with A. flavus (6 DAI)
compared to the Mp420 control
Only proteins with a 2-fold or greater change in abundance were included.

UNIPROT
Q9XJ54

Calculated Calculated
Spot
Protein Mw (KDa)
Nuclear transport factor 2
13.6
pI

Q40693

1209
2005
8707

Q6YYV1

8708

Q6YYV1
O49960

8706
8602

--------

7611

(NTF-2)
unknown
heat shock protein 70
Putative poly(A)-binding
protein
Putative poly(A)-binding
protein
Polyphenol oxidase
unknown

CI
No. of
(%) peptides

7804

Fold
change

24
9
75

9
7
9

5.7

99.84

4

5.1

100

22

4.2
5.1
6.9

8.1

100

15

7

74

6

67.6

8.1
8.09

100
100
---

4
23

6.9
6.9

73
50

8
5

-----

---

------

-----

71.2
71.4
71.4

-

unknown
-------

Exp
pI

Exp
mw
(K
Da)

------

---

-

-

--

-------

------
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Table 4.4 Proteins that were present or quantitatively more abundant in Mp420 control silks than those inoculated with A.
flavus (6 DAI)
Only proteins with a 2-fold or greater change in abundance were included.

UNIPROT
Q6XZ79

Spot
1409
309

P38561
Q5XPX5

1508
1507

P80607

3412

Q43274

5605

Q9M598

4109
5215

Q7XV05

7211

Q9FSE2

7413

---------

5605

Fructokinase 1

Calculated
Mw (K
Protein
Da)

unknown
Glutamine synthetase root
isozyme 3 (EC 6.3.1.2)
Actin
Alpha-1,4-glucan-protein
synthase
RF2 (EC 1.2.1.3) (T cytoplasm
male sterility restorer
Protein kinase MK5 (aligned
to 3-71/437,
unknown
OSJNBa0036B21.10 protein
(aligned to 375-574/574,
D-TDP-glucose dehydratase
(aligned to
uknown

34

----39.4
41.7
41.2

Calculated
pI
4.87
-----

CI
No. of
(%) peptides
100
-----

8
--

5709

4.1

33

2

3.6

30

8

5.34
5.24

100
100

13
18

4.3
4.3

35
40

3
4

5.75

100

7

5.4

34

2.

6.69

100

12

5.6

49

7.8

7.62

100

5

5.4
5.7

22
24

2.2
8.3

6.34
8.93

100

6

5.9

25

3.8

56.66

8
- --

6

32

4.7

6

48

3.1

60

3.5

59.48
21.3
21.1
29.6
-------

-----

------

-

unknown
----------

Exp
pI

Exp
mw
(K
Fold
Da) change

---------

-----

------

-
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Table 4.5 Proteins that were present or quantitatively more abundant in Mp339 silks inoculated with A. flavus (6 DAI)
compared to the Mp339 control
Only proteins with a 2-fold or greater change in abundance were included.

UNIPROT

Spot

Q42420
Q6H660
Q9FTY4
Q8RVC1
Q5VNG7
Q7XLJ0

7508
6714
6210
5004
3804
3803

Calculated
Mw (K Calculated
Protein name
Da)
pI

Substilin /chymotrypsin-like inhibitor
Putative stress-induced protein sti1
Hypothetical protein P0436E04.19
Glycine-rich RNA binding protein
Putative DsPTP1 protein
OSJNBa0009K15.20 protein
unknown

7
66
33.7
15
21.8
6.2

5.63
6.31
5.96
6.1
8.33
10.08

No. of
CI
(%) peptides
100
100
100
100
99.454
99.93

5
20
9
6
10
5

Exp
pI
7.5
6.6
5.9
5.6
5.5
5.8

Exp
mw
(K
Fold
Da) changes
35
75
20
10
75
76

3.61
2.31
5.38
7.62
2.25
4.40
5.6

5507
unknown
6512

2.05
unknown

6106

5.2
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Table 4.6 Proteins that were present or quantitatively more abundant in Mp339 control silks than those inoculated with A.
flavus (6 DAI)
Only proteins with a 2-fold or greater change in abundance were included.

UNIPROT

Spot

Q8S9Q6

9405

P24067
Q6AVG1
Q9XEE1
P49103
Q42420
Q69QD5

8702
1506
1505
2006
1011
2205

Q8H2U3
Q6JBK8
Q7XI46

9405
8104

Calculated
Mw (K Calculated
Da)
Protein
pI

Putative endo-1,3-beta-glucanase
Luminal binding protein 2 precursor
(BiP2) (Heat shock
Expressed protein
Small GTP binding protein Rab2
Ras-related protein Rab-2-A
Substilin /chymotrypsin-like inhibitor
Putative chaperonin 21
Putative translation elongation factor
eEF-1 beta' chain
Chitinase
Hydrolase-like protein

17.8
72.9

15.6
13.5
19.3
7.6
25.5
23.3
29.1
20.9

CI (%) peptides

Exp
pI

Exp
mw
(K
Da)

Fold
changes

9.6

100

6

9

35

5.57

5.07
6.99
6.41
7.19
5.63
8.67

100
100
100
100
100
100

15
6
6
6
5
12

8
5.1
4.5
5.1
5.1
5.1

75
34
34
10
9
24

6.9
9.86
3.43
4.68
4.91
6.64

4.55
8.44
6.99

100
100
100

8
10
7

4.5
8.5
6.6

26
33
15

2.01
5.57
5.43
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CHAPTER V
PROTEOMIC ANALYSIS OF SILKS FROM MAIZE INBRED MP313E
Abstract
Proteome analysis of silks from maize inbred resistant to Aspergillus flavus was
conducted using 2-dimensional gel electrophoresis (2 DE) and multi dimensional
identification technology (MudPIT). Both techniques were used to get maximum
proteome coverage. Staining of 2D gels with colloidal Commassie Brilliant Blue G-250
revealed 407 spots that were reproducible in samples from three years. The spots were
excised, digested and identified using MALDI-TOF-TOF. Peptide MS data were
searched against PIE database- which consists of sequences and ESTs from closely
related monocots. Using MudPIT and 2-DE, 971 proteins were identified from silks. All
the proteins were functionally annotated using the Agbase tools.
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Introduction
Proteomic studies in plants have proliferated recently due to rapid advances in
proteomic technologies such as refinement of 2-DE techniques and development of
mass spectrometric technique for protein identification (Lin et al., 2003). Numbers of
global protein mapping studies have been conducted in different plant tissues. These
include maize leaves (Porubleva et al., 2001), germinating embryos (Campo et al.,
2004), wheat (Triticum aestivum) (Skylas et al., 2001), barrel medic (Medicago
tranculata) (Watson et al., 2003), pea (Bardel et al., 2002), rice (Oryza sativa), poppy
(Papaver somiferum) (Decker et al., 2000). These studies were conducted under
various physiological and environmental regulated conditions. Sub-cellular
proteomes have also been determined. These include maize mitochondria and
chloroplast (Hochholdinger et al., 2004; Lonosky et al., 2004), Arabidopsis thaliana
plasma membrane, cell wall, endoplasmic reticulum, the chloroplast envelope
membrane protein (Santoni et al., 1998; Robertson et al., 1997; Chivasa et al., 2002;
Feroo et al., 2003). Also, pea mitochondrial, luminal and peripheral thylakoid
proteins in chloroplast (Peltier et al., 2000; van Wijk, 2000, 2002), tobacco
(Yamaguchi et al., 2000), tomato embryo and endosperm (Sheoran et al., 2005)
proteomes have been studied. Comparative proteomic studies have been of major
interest recently. Studies such as the proteome of cell wall and extra-cellular matrix
in Arabidopsis thalina treated with an elicitor suspension and the non-treated tissue
showed proteins that were up-regulated in presence of the elicitor (Ndimba et al.,
2003). In rice, comparative studies on leaves before and after wounding have led to
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identifications of proteins that differentially regulated due to wound stress (Shen et
al., 2003). Other studies on rice, such as green versus etiolated rice shoots (Komatsu
et al., 1999) and proteome of rice after treatment with jasmonic acid (Rakwal and
Komatsu, 2000) and brassinolide (Konishi and Komatsu, 2003) have led to
identification of many proteins that play a role in plant normal physiological versus
the treated conditions.
Maize is an important source of food for humans and animals in many nations
(Brown, et al., 2003). In one such effort, we have embarked on studying the
proteome of Aspergillus flavus resistant Mp313E inbred silk. Mp313E was
developed by Scott and Zummo, 1988, USDA-ARS, Mississippi State University.
Silk has been hypothesized to be an entry route to pathogen infection (Reid et al.,
1995; Payne et al., 1988). We have explored the proteome of silk using 2-DE gel
electrophoresis and have also used multidimensional protein identification technology
(MudPIT) to increase our proteome coverage. To increase our identification rate, we
have used a database containing EST translated sequences and also protein sequences
from a number of monocot and eudicot plants. The stress-related proteins were
quantified from 2D gels and their fold changes in tissues collected over three years
was studied.
Materials and Methods
Plant Material
The aflatoxin resistant maize inbred Mp313E, used for this study were
obtained from USDA-ARS, Mississippi State (Scott et al., 1990, 1992; Windham and
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Williams, 1998). Silks were collected from plants grown in the field for three
different years (2002, 2003 and 2004). The planting dates in 2003 and 2004 were
April 21. The 2002 planting date was April 19. Plots were planted using
conventional tillage. Individual plots were a single row, 5.1m in length spaced 0.96
m apart and thinned to twenty plants per plot at approximately the V5 stage (Ritchie
et al., 1982). Herbicides and fertilizer (application based on soil tests) were applied
according to standard cultural practices for corn in northern Mississippi. The silks
outside the ears were cut off before the husks were peeled and the inside silks from
open pollinated corn were collected 21 days after silking. The silks were cut into half
inch pieces and immediately frozen in liquid nitrogen and stored at -80°C.
Protein Extraction, Solubilization and Measurement
Proteins were extracted from 3g of silk by powdering in 6800 Freezer mill
(Spex Certi Prep Inc, Metuchen, NJ) in the presence of liquid nitrogen. This was
followed by phenol extraction as described by Hurkman, et al (1986) method. The
protein pellets were stored at -80°C. Three independent extractions from 2002, 2003
and 2004 harvest were used for further analysis. The quantity of protein was
measured using the RC-DC kit (Bio-Rad). There was no statistically significant
difference in total protein concentration from the independent extractions (α=0.05).
The pellets were dissolved in 420 µl of rehydration buffer (4% Chapso, 1%DTT, 9M
urea, 0.16% pH4-7 and 0.4% pH3-10 ampholytes).
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First Dimension
About 2 mg of protein from three independent extractions was loaded on three
IPG strips pH 3-10 (Bio-Rad). Proteins were separated according to charge in the
electro-focusing system (Protein IEF cell, Bio-Rad), at 23°C using 24 cm strips in a
non-linear immobilized pH gradient of 3-10. Strips were rehydrated for 12 h before
isoelectric focusing for 2 h at 250V, 10000V for 4 h and then until it reached 99999
V-hat 10,000V. After electro-focusing, the strips were either stored at -80°C or
immediately put in equilibration buffer and separated on Protean Plus Dodeca Cell
(Bio-Rad).
Second Dimension
The strips were equilibrated in buffer containing 6 M urea, 2% sodium
dodecyl sulphate, 1.5 M Tris-HCl pH 6.8, 20% glycerol, 5% β-mercaptoethanol (BioRad, recommended protocol). Gels were poured in the multicasting chamber (BioRad) with a 10-15% gradient. Three independent extractions from each genotype
from every year were separated on the Protean Plus Dodeca cell (Bio-Rad) at 2.0
mamps /gel. A 2D marker (Bio-Rad) was run with every set for calculating the
experimental molecular weight and pI.
Protein Staining
Gels were stained with colloidal Commassie Brilliant Blue G-250 (Sigma).
Gels were stained overnight and were destained with solution containing 10% acetic
acid and 30% methanol. Gels were then scanned with a Fluor-STMMultiImager (Bio-
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Rad) and were then wrapped in plastic wrap and stored at 4°C. All gels were imaged
at the same resolution and exposure.
PDQuest® Analysis
Images of gels were taken and compared on PDQuest® (7.1.0.036) (Bio-Rad).
The gel that had the most spots was chosen as the master gel and nine images of
Mp313E gels of three replicas from all three years were compared. After subtracting
the background, spot volumes were normalized for differences in staining intensity.
Quantity and quality scores were considered while choosing the spot. The spots that
were included in the qualitative score were those that were consistent in size and
shape and those which were consistent within the linear range of the densitometer
was used for quantitative scores. The quantitative score was based on the spot
intensity and area and spots that passed the qualitative score, which depended on peak
intensity area within the linear range of the imager, streaking, overlap of spots and a
good fit to guassian model, were considered. Only those proteins that consistently
appeared in three replicas of the three years were considered for spot cutting,
identification and annotation.
MS Analyses of Gel Spots
For MS-MS the spots were cut using the robotic digester and spot cutter
(Investigator Pro-prep 4 block system, Genomics Solutions, Ann Arbor, MI; Robotic
Bio-Rad proteome work station). The spots were reduced with 10 mM DTT (Sigma,
St. Louis, MO) for 5 min and alkylated with 100 mM iodoacetamide (Sigma, St.
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Louis, MO) for 30 min. These spots were digested with trypsin (Promega, Madison,
WI) (1:50 w/w, 16h, 37°C) and extracted in a solution containing 0.1% formic acid
and 5% acetonitrile (Sigma, St. Louis, MO). The spots were mixed with 5 mg/ml of
α-cyano-4-hydroxycinnamic acid dissolved in 70% acetonitrile and 0.1%
trifluroacetic acid and was analyzed by MALDI TOF/TOF (ABI-4700 Proteomics
Analyzer). Protein identifications were performed using the Result Dependent
Analysis (RDA) of ABI GPS software, version 3.5. The MS peak filtering was at 800
- 4000 m/z, monoisotopic, with a minimum S/N=10 and a mass tolerance of 150 ppm.
The MSMS peak filtering was 0 - 105 % m/z of parent ion, monoisotopic, with a
minimum S/N=3, and a MSMS fragment tolerance of 0.2 Da. Proteins with at least
95% confidence interval and maximum of three precursors/ proteins were selected.
Multi dimensional Protein Identification Technology (MudPIT)
Protein pellets derived from phenol extraction were re-suspended in a solution
containing 6 M Urea, 100 mM Tris.HCl buffer, pH 7.5. The protein was quantified
using the RC-DC kit (Bio-Rad). Protein aliquot containing 100 µg protein was then
reduced with 200 mM DTT for 1 hr and then treated with 200 mM iodoacetamide for
1 hr at room temperature. The urea concentration was decreased to 0.6 M prior to
digestion with trypsin (200ng/µl) at 37°C by diluting the reaction mixture with water.
The protein was then centrifuged and the supernatant was desalted with a peptide
macrotrap (Michrom BioResources, Inc., Auburn, CA) and eluted using 0.1%
trifluoroacetic acid, 95% acetonitrile (Sigma, St. Louis, MO). Desalted peptides were
vacuum dried and resuspended in 20 µl of 0.1% formic acid.
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These protein samples were subjected to liquid chromatography (LC) on a
strong cation exchange column (SCX) followed by reverse phase LC which was
coupled to ESI ion trap MS. Samples were loaded into a liquid chromatography
gradient ion exchange system containing a ThermoSeparation P400 quaternary
gradient pump (ThermoElectron Corporation; San Jose, CA) coupled to a 0.32 x 100
mm BioCasic SCX. A flow rate of 3µl/ min was used for SCX and reverse phase LC.
Ammonium acetate in the concentrations of 0, 10, 15, 20, 25, 30, 35, 40, 45, 50, 57,
64, 90 and 700 mM was used to apply a salt gradient in 5% acetonitrile and 0.1%
formic acid. The resulting peptides were loaded into a loop of 0.18 x 100mm
BioBasic C18 reverse phase LC column of Proteome X workstation
(ThermoElectron). The reverse phase gradient of 0.1% formic acid in acetonitrile
was increased by 5% to 30% in 30 min and then 30 to 65% in 9 min followed by 95%
for 5 min and to 5% for 15 min. The spectrum was collected every 1 hr. The mass
spectrometer was optimized to duty cycle length with the quality of data collected by
alternating a single full MS scan with three tandem MS scans on the most intense
three precursor masses (determined according to X Caliber Mass Spectrometer
software in real time) from the full scan. The machine was normalized to 35%
collision energy and a dynamic exclusion window at 2 min. All spectra were
measured with an overall m/z ration range of 200-2000.
Identification of Gel Spots and MudPIT Proteins
All the proteins were analyzed using TurboSEQUEST TM (Bioworks Browser
3.1, SR1; ThermoElectron). Mass spectra were searched on a cumulative database

120
containing translated ESTs and protein sequences from monocots such as maize,
sorghum, wheat, barley, rye and eudicots such as M. trunculata, soy-bean, lotus,
tomato, potato, cotton and ice-plant. This database, called protein identification
enhancement tool (PIE) was provided by Dr. Wang (Bridges et al., 2005). Strict
parameters such as 95% confidence interval were used to affirm the identity of the
proteins from the MALDI-TOF-TOF.
In complex mixture, a software tool devised by the MSU bioinformatics group was
used to filter the data. Only those peptides that were having X Corr values >1.5, 2.2
and 3.3 for +1, +2 and +3 charged ion with a delta Cn value of 0.1 were accepted
(Durr et al., 2004). Redundant proteins were filtered from the list and the proteins
with single peptides were sorted using strict Xcorr >1.8, 2.7, 3.5 for +1, +2, +3
charged ion with a delta Cn value of 0.1 were accepted.

Results and Discussion
Protein Identification
Out of a total of 403 spots separated by 2-DE, 368 spots were identified. Using
MudPIT analysis, 803 proteins were identified. All the proteins were searched using
SEQUEST against the PIE database. Strict scores such as 95% confidence for
identifications of spot and X-corr values, delta cn value for MudPIT analysis assured
us the confidence of the identification of the proteins analyzed. Pepsort, a tool
designed by bioinformatics group at Mississippi State, sorted the MudPIT results
according to the standard X-corr value and delta cn values set by Washburn and

121
Yates, 2000. Only 203 proteins from 2-DEand MudPIT were found to be common
and 600 proteins were found exclusively using MudPIT (Figure 5.1). There were 168
proteins identified from the gels that were not present in the MudPIT results (Figure
5.1). A combination of proteins obtained from MudPIT and 2-DE increased
proteome coverage and protein identification to 971 proteins. The lists of proteins
identified by MudPIT and by 2-DE have been uploaded at
www.cse.msstate.edu/~bioinformatics. There were multiple spots from 2-DE that
corresponded to one single gene product. Such multiple assignments have been
observed in other studies (Fountoulakis et al., 2001). There are three major reasons
for this phenomenon (Sarnighausen et al., 2004). First, the proteins could be derived
from closely conserved family members. Second, the migration of these spots may
also be due to aberrations in the amino acid sequences. Third, the protein could also
be post-translationally modified. The presence of multiple spots could also be due to
introductions of artifacts during extraction or separation procedure (Berven et al.,
2003). Hence, phenol extraction procedure was used, which has been reported to be
effective in removal or avoiding uncontrollable modifications of the proteins such as
oxidation by endogenous or applied phenolic compounds and carbamylation
(Hurkman and Tankana, 1986; McCarthy et al., 2003). We also tried to increase the
solubility of the proteins in the pellet by increasing the urea concentration to 9 M.
Generally, thiourea is recommended to dissolve the proteins in the IEF sample buffer,
but it resulted in streaking in the first dimension. When the phenol extraction was
used, there was little streaking on the gels. Because the tissue was ground finely in
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the presence of liquid nitrogen using the 6800 Freezer mill (Spex Certi Prep Inc,
Metuchen, NJ) there was good homogeneity in the grinding of all samples. To be
able to visualize proteins that were present in low concentrations approximately 2 mg
of protein was placed on the IPG strip. Still, there were proteins that were not
identified. This was because they were in low abundance, did not have a good
spectrum or there were no matches in the data bases. There were approximately 20
proteins that had similar isoelectric points and appeared to co-immigrate. However
with MALDI-TOF-TOF, we were able to determine the identity of the proteins with
95% confidence and due to the various genome sequences of plants that were used for
identification there was good proteome coverage. There were 403 spots from 2-DE
and 368 proteins were identified. From MudPIT the total numbers of proteins
identified were 803. The identified proteins ranged in its molecular weight from 4 kD
to 105 kD and a pI of 3-10.
Functional Annotation of Proteins
The identified proteins were functionally annotated from the sequences available at
website using (http://www.agbase.msstate.edu/) the online tool GORetriever designed
by computer scientists at Mississippi State. The functional annotations of proteins
were done using the GOSlim viewer tool also available at the same site. Overall,
83.8% of the 368 proteins from the 2D gel identified were placed into known GO
(gene onotology) categories, while those which were not found were designated as
unknown. From the MudPIT analysis, we were able to assign functional categories to
80% of total proteins. Combining our total list of proteins annotated from MudPIT

123
and 2-DE, we had only 18% proteins that had no functional information and these
were categorized as unknown. We assume that these unknown proteins must be very
species-specific and so difficult to identify.
Genome annotations for maize were limited to only 2664 proteins out of
which there were 11822 functional annotations associated with electronically
annotated (IEA) evidence code in the Uniprot database. Hence, to ensure more
functional annotations, Agbase had a comprehensive databases of genome sequences
from plants such Oryza sativa, Sorghum bicolor, Triticum aestivum, Hordeum
vulgare, Secale cereal and from other green plants such as Populus alba, Cucurbita
maxima, Vigna radiate, Bambusa oldham, Capsicum annum, Lycoperscion pennelli,
Pandanus amaryllifolius, Asparagus officinails, Brassica napus, Catharanthus
roseus, Lycopersicon esculentum, Hyacinthus orientalis, Fragaria x ananassa and
also dicots such as Arabidopsis thaliana and Nicotiana paniculata in the GORetriever
tool to estimate the different functional classes into which the proteins of this maize
inbred would fit. The annotations are based on the functional annotations
recommended by Gene Ontology Consortium (http://www.geneontology.org/). The
proteins are annotated to three classes; i) cellular distribution ii) molecular function
iii) biological process.
Cellular Distribution
2-DE proteins from the membrane fraction were 12%, 1% from ribosome,
10% from cytosol, 5% from mitochondria and 15% from cytoplasm. While, proteins
from nucleus (13%), cellular component (13%), cytoskeleton (6%), extra-cellular

124
region (6%), cytoplasm (13%), plastid (4%) and cytosol (10%) were found more in
the 2-DE proteins compared to MudPIT. From the 2-DE, under represented groups of
proteins such as from peroxisome, nuclear membrane, thylakoid and plasma
membrane were not included in the distribution of cellular component of the silk
proteins (Figure 5.2a). However, this functional annotation is a putative
representation of the GO categories based on many green plants as all annotation of
Z. mays is still not complete. In MudPIT, majority of the proteins were intracellular
proteins (31%), followed by ribosomal proteins (16%) and membrane proteins (14%)
(Figure 5.2b). The majority of proteins from 2-DE were categorized as cytoplasmic
proteins (15%), followed by membrane proteins (12%) and the nuclear proteins
(11%) (Figure 5.2a). Membrane proteins are rich in hydrophobic amino-acids (Sadka
et al., 2005). Presence of more membrane proteins in MudPIT compared to 2-DE is
due to the phenol extraction procedure for 2-DE analysis is not so effective in
solubilizing hydrophobic proteins. The number of intracellular proteins from
MudPIT was 31% and only 8% intracellular proteins from 2-DE were found (Figure
2b). MudPIT proteins determined to be from the membrane (14%), cytosol (14%),
ribosome (16%), mitochondria (6%) and cytoplasm (7%) were more compared to 2DE.
Molecular Function
Proteins from 2-DE were categorized into 25 molecular functional groups
(Figure 5.3). The largest percentage of proteins from 2-DE had catalytic activity
(19%), followed by binding (14%), transferase (11%), nucleotide binding (11%) and

125
hydrolase (8%). Incase of MudPIT, 22% proteins had catalytic activity, 16%
hydrolase activity, 12% binding activity, 11% transferase activity and 13% nucleotide
binding activity (Figure 5.4). The number of proteins related to enzymatic activity
was highest from all the proteins identified from both techniques. There were some
categories in 2-DE proteins that had only 1-2% proteins from the total proteins, such
as enzyme regulator activity, nuclease activity, nucleic acid binding, calcium ion
binding, and structural molecule activity. Similarly, in MudPIT proteins related to
translation factor activity, nuclease activity, actin binding, calcium ion binding,
nucleic acid binding and carbohydrate binding protein were only 1-2% protein from
total proteins. Proteins related to antioxidant activity were more in 2-DE (2%)
compared to MudPIT (1%). Categories such as nutrient reservoir activity,
transcription regulator activity, ion channel activity, transcription factor activity,
signal transducer activity, chromatin binding and phospho-protein phosphotase
activity were negligible in both MudPIT and 2-DE.
Biological Process
Proteins identified from 2-DE were categorized into 21 biological process
functional groups (Figure 5.5). Silk functions as a stigma or style in maize and are
not especially related to photosynthesis and hence there were some categories such as
photosynthesis and transcription proteins, which were under-represented and they
were eliminated from the final pie charts. Hence, in Figure 5 there are only 16
categories of functional distribution for proteins found by 2-DE. Proteins identified
from MudPIT were initially distributed in 29 categories (Figure 5.6), but many of
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these were under-represented. The under represented categories included cell death,
development, response to endogenous and external stimulus, and consequently, they
were eliminated from pie chart. The majority of the proteins were related to
metabolism in both MudPIT (20%) and 2-DE (27%).
Approximately 20% of proteins analyzed from MudPIT and 27% from 2-DE have
been categorized having metabolic functions. Twenty of these proteins were common
in both the analyzed techniques. From 2-DE analysis, 101 proteins were enzymes
that were related to different metabolic pathway and were divided into groups such as
protein metabolism, carbohydrate metabolism, lipid metabolism and DNA
metabolism. There were 14 proteins related to protein metabolism, 18 proteins were
related to protein biosynthesis, 7 in protein modification, 1 protein related to lipid
metabolism, 5 categorized as proteins needed for biosynthesis, 1 related to
carbohydrate metabolism and 6 proteins related to DNA metabolism. From MudPIT
analysis, 170 proteins under metabolism were divided into functional categories.
There were 43 proteins categorized to protein metabolism, 128 for protein
biosynthesis, 30 for protein modification, 18 for lipid metabolism, 21 related to
carbohydrate metabolism, 39 proteins categorized in generation of precursor
metabolites and energy and 27 for DNA metabolism. There were 23 proteins that
were also assigned annotation for nucleobase, nucleoside, nucleotide and nucleic acid
metabolism. Many of the proteins had multiple functions and were annotated in more
than one category. Hence, it was difficult to add the subcategories and then score the
total for a specific functional category.
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Many studies that have mapped proteome of plants have found metabolism to
be the most abundantly represented group (Goff et al., 2002; The Arabidopsis
Genome Initiative). In the proteome study of rice and maize endosperm metabolic
proteins were proportionally high compared to other biological function related
proteins (Koller et al., 2002; Méchin et al., 2004). Macromolecules on the surface of
stigma in flowering plants usually contain carbohydrates such as galactose, arabinose,
glucose, mannose and rhamnose (Clarke et al., 1979). Hence majority of the proteins
in the metabolism category were related to carbohydrate metabolism. From 2-DE
14% and 2% from MudPIT were categorized in carbohydrate metabolism. The
enzymes involved in primary metabolic pathways such as glycolysis and TCA cycle
were identified from both techniques. There were a number of proteins that were
identified using MudPIT and some were present only in 2-DE. From the 2D-E, four
spots were identified as trisophosphate isomerase, two spots as aldolase, one spot as
enolase, one spot as phosphoglycerate kinase, three spots as phosphofructokinase, one
spot as phospho hexose isomerase, two spot as phosphoglycerate mutase and no spots
for pyruvate kinase and hexokinase were identified. From the TCA cycle, there were
four spots identified as malate dehydrogenase, one as succinate dehydrogenase and
four as aconitase. Proteins related to other pathways for glucose metabolism such as
phosphogluconate dehydrogenase was also identified from 2D-E analysis. Proteins
analyzed from MudPIT showed triosephosphate isomerase (2 spots), aldolase (2
spots), enolase (2 spots), phosphoglycerate kinase (3 spots), phosphofructokinase (1
spot), phosphoglycerate mutase (1 spot), pyruvate kinase (1 spot), aldehyde
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dehydrogenase (3 spots), and glyceraldehydes 3 phosphate dehydrogenase (3 spots).
There were no proteins identified as phosphoglycerate isomerase and hexokinase
from either MudPIT or 2-DE analysis. In MudPIT, proteins that were related to TCA
cycle such as malate dehydrogenase (3 spots), aconitase (3 spots) were detected.
Proteins related to biosynthesis of amino acids were identified from 2-DE and
MudPIT, which formed only 5% and 15%, respectively of the metabolism category.
There were 8 proteins from the 2-DE that were involved in the synthesis of cysteine
(2 spots), serine (1 spot), glycine (1 spot), methionine (1 spot), glutamine (2 spots)
and leucine (1 spot). From MudPIT, there were two proteins related cysteine, serine
(1 spot), methionine (3 spots) and glutamine (4 spots). Proteins that were involved in
protein degradation such as those in ubiquitin-proteasome pathway were also present
in 2D gels as well as MudPIT. There were 12 spots which were the alpha or beta
subunits of the proteasome complex and 4 spots were identified as ubiquitin.
Ribosomal proteins were categorized under the functional group of protein
biosynthesis. Proteins related to photosynthesis were observed only in the MudPIT
analysis. These included rubisco, phosphoenolpyruvate carboxylase, chlorophyll a/b
binding protein and isoforms of these proteins.
The proportion of proteins involved in DNA metabolism in MudPIT was only
3% and these were further sub-grouped to those proteins involved in nucleotide
metabolism forming 5% of the above category. The number of spots annotated
specifically to proteins involved in DNA metabolism was 2%, out of which 6% were
involved exclusively in nucleotide building pathway. Between MudPIT and 2-DE,
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we were able to see increased identification of low concentration proteins by MudPIT
analysis.
Stress-related Proteins
We were interested to know more about those proteins that came under the
category of stress and especially biotic stress since Mp313E was developed to be
resistant to aflatoxin accumulation (Scott and Zummo, 1988). Analyzing the sets of
data obtained from GORetreiver, from 2-DE, 40 stress-related proteins and 49 from
MudPIT were recognized (Figure 7). There were eight proteins, which were common
in both analyses. Occasionally more than one spot in 2-DE was identified to same
Uniprot accession. But we took only one of these for retrieving gene annotations and
further cluster analysis.
Out of the 49 stress proteins from MudPIT analysis there were 19 stressproteins, which were assigned as abiotic stress proteins, 20 proteins as biotic stress
induced proteins and 10 proteins that were assigned in response to abiotic stress
proteins. Out of the 20 biotic stress related proteins most abundant class was the
chitinases. Other biotic stress related proteins such ribosome inactivating protein;
trypsin-inhibitor, subsitilin and zeamatin were also present.
In the 2-DE, 13 proteins were related to biotic stress, 13 to abiotic stress and
12 proteins were categorized as those present in response to stress. There were three
types of chitinase, ribosome-activating protein, polyphenol oxidase, xylanase
inhibitor and other pathogenesis-related proteins. Most of the abiotic stress proteins
identified from both techniques were low and high molecular weight heat shock

130
proteins, dehydrin, LEA (Late embryognesis protein). LEA proteins have been
associated with different abiotic stresses, such as drought, salt, cold, heat and
wounding (Thomann et al., 1992). The roles of low molecular weight heat shock
proteins have been widely studied, and other than heat stress, they have are induced
during cold, drought and salinity stress (Sabehat et al., 1998). Proteins related to
oxidative stress such as peroxidase was also identified. Other than their role in stress,
peroxidases have also been speculated in maintaining auxin levels by oxidation in
growing tissues such as silk, root, stem, husk and ear (Chen et al., 2004). Xylanase
inhibitor was also one of the prominent stress-related proteins. It has also been
identified in cereals such as wheat (McLauchlan et al., 1999). Xylanase inhibitor
inhibits xylanases which hydrolyze the beta-1, 4 linkage of the xylan component of
the cell wall (Flatman et al., 2002). Xylanases are enzymes found in fungi such as
A.niger (Flatman et al., 2002).
Chitinase
The most abundant biotic-stress related protein found from MudPIT and 2-DE
analyses were chitinases. Chitinase is one of the major PR proteins and plays a
crucial role in plant defense (Huynh et al., 1992). Chitinases have a hydrolytic
function and they catalyze the degradation of chitin, a major component in fungal cell
wall. Antifungal role of chitinase has been observed in maize seeds (Cordero et al.,
1992; Hyunh et al, 1992), in vitro (Schulumbaum et al., 1986) and appears to be
induced following infection (Wu et al., 1994). From MudPIT data and 2-DE there
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were two chitinases that were sorted as commonly identified. These were chitinase A
(Q6JBK8) and chitinase I (Q6JBN0). Protein sequences of chitinase identified from
MudPIT available in the uniprot database were aligned to see homology. Alignment
of all the nine total isoform of chitinase obtained from MudPIT show very little
homology (Figure 5.8). All plants have multiple chitinase isozymes and are divided
into 7 classes according to their structure (Khan et al., 2004). Class I, II, IV, V, VI,
VII belong to the pathogenesis-related PR-3 family of proteins (Khan et al., 2004). In
vitro studies of these chitinase isozymes have shown that class I exhibits high
antifungal activity. Three chitinases identified from 2-DE were PRm3 (P93518),
chitinase I (Q6JBN0) and chitinase A (Q6JBK8). From the 2-DE, two spots were
identified as PRm3 and these differed in their molecular weight and pI. Similarly,
two spots were identified as chitinase I and these were relatively closer in their
molecular weight and pI. This multiple assignment of an accession number to more
than one spot could be due to various possibilities such as isoforms, conformational
equilibria, abberations in the amino-acid sequence, or post- translational
modifications (Berven et al., 2003). Chitinase A was represented as single spot.
Expression of all five spots in 2-DE identified as chitinase differed from year to year.
Ribosome Inactivating Protein
Ribosome-inactivating proteins (RIP) are RNA N-glycosidases and that have
been shown to have antiviral and antimicrobial activity (Peuman et al., 2001). RIP
antifungal activity has also been studied in maize kernel proteins (Nielsen et al.,
2001). Transgenic plants expressing RIP have shown increased fungal resistance
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(Jach et al., 1995). One interesting RIP is the protein b-32 which was identified as a
RIP based on sequence homology (Bass et al., 1992). Protein b-32 was identified in
MudPIT analysis but there was no spot identified as b-32 by 2-DE. Other RIPs such
as RIP-9 was also identified from MudPIT as well by 2-DE.
Quantitative Analysis of Stress Protein
Three gels from three independent extractions from three years were analyzed
simultaneously using PDQuest®software. The gels were normalized and background
was subtracted before evaluation of the number of spots in each gel. The gels were
then grouped as replicates according to their year so that the average of the spot
would be counted for quantitative purpose. The average number of spots seen from
three replicates in 2002, 2003 and 2004 was 407, 412 and 398 respectively. Only
those spots that were expressed consistently in all three harvests were considered. So
the total number of spots that were subjected to analysis was 368 spots. Sixty-seven
proteins that are known to play a role in stress were selected from the 368 spots
(Figure 5.9). The quantities of these were then scored by using the area and intensity
of the spot expressed in the replicate groups in each year harvest. All proteins were
subjected to mass spectrometry, but only those proteins that played a role in the stress
response has been reported (Table 5.1). The stress proteins that were quantified
ranged in molecular weight from 5 kD to 105 kD. Those stress proteins that were
found as multiple spots were also considered, because they had at-least 95%
confidence level for identification. The coefficient of variation for the considered
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stress proteins was calculated using the PDQuest® software to see the variability in
expression among harvests and replicates.
Comparing the fold changes in the expression of the stress-related proteins
from three years showed that most of the proteins very consistent in expression and
there was negligible change in the coefficient of variation (Table 5.1). The putative
stress induced sti1 (spot 5812) showed almost a 10-fold change when the 2002 was
compared to the 2004 harvest and a 59-fold change when the 2002 was compared to
the 2003 harvest. All other stress-related proteins varied little in their expression
from year to.
Conclusions
Large scale proteomic analysis in maize is now possible by using the
comprehensive genome database available for green plants. Two-DE is limited in
protein identification as one cannot identify proteins with extremely acidic and basic
isoelectric points, membrane-bound proteins and proteins with low concentrations.
When it is complemented with other proteomic tools such as MudPIT, one can
increase the proteome coverage. The reference map of proteins in the A. flavus
resistant inbred Mp313E is a step forward in understanding the physiological and
molecular events that occur in the developing silk. The obtained reference map will
also be important for linking proteomics, transcriptomics and metabolic analyses.
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Figure 5.1 Venn diagram for the total proteins identified by MudPIT and 2-D E
Proteins found using both techniques are in the intersection.
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Figure 5.3 Functional annotation of proteins from 2-DE in molecular function
categories
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Figure 5.4 Functional annotation of proteins from MudPIT in molecular function
categories
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Figure 5.6 Functional annotation of proteins from 2D gel into biological process
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Figure 5.7 Venn diagram showing the total stress proteins from MudPIT and 2-DE
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Figure 5 8 Alignment of nine isoforms of chitinase detected from MudPIT technique

Figure 5 9 Sixty-seven stress-related proteins identified in Mp313E by 2-DE
The identifications are listed in Table1.
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Table 5.1 Stress proteins sorted from the total silk proteins in Mp313E
The expression of the protein from three harvests was quantitated and the coefficient of variation was
calculated to see the variability in the expression.
Protein

SSP

Uniprot

Mr (kD)

pI

Protein name

1
2
3
4
5
6
7
8
9
10
11
12

1
1901
4401
4712
5809
5812
6903
7802
7804
7809
8002
8106

Q5JJJ8
Q02028
P25892
Q8S1V1
O49960
Q6H660
Q6H660
Q6RFL1
Q8S1V1
O49960
Q6ESY4
Q6ESY4

8.14
7
31.73
46.84
54.26
62.6
84.63
45.69
52.6
57.06
9.02
10.67

4.64
5.1
5.74
5.55
6.39
6.4
6.76
8.01
7.84
7.17
7.72
7.48

13
14
15
16
17
18
19
20
21
22
23

8107
8110
8204
8207
8603
8607
8702
9008
9911
9913
9915

Q69TB0
Q41802
Q46870
Q38769
Q9M588
Q6KJB8
Q8SA35
Q6ESY4
Q6JBN0
Q948L3
Q8H6A5

12.6
12
13.8
14.52
28.71
29.07
29.53
6.82
35
22.6
28

7.22
8.37
7.56
8.72
7.1
6.44
7.15
7.7
4.5
4.3
4.49

Hypothetical protein
stromal 70kd heat sock related prot
ribosome inactivating protein9
putative xylanase inhibitor
polyphenol oxidase
putative stress induced protein sti1
putative stress induced protein sti1
peroxidase
putative xylanase inhibitor
polyphenol oxidase
putative ASR2
putative ASR2
putative ubiqutin conjugating enzyme
family protein
defence related protein precursor
heat shock protein 17.9
permatin precursor
prohibitin
chitinase
Putative H+ exporting ATPase
putative ASR2
chitinase
drought inducible 22kd protein
translationally controlled tumor protein

fold
change
2002-03
0.98
0.85
0.18
0.39
3.58
0.182
1.68
4.51
1.533
0.69
0.92
1.75

fold
change
2003-04
0.93
1.35
1.18
1.36
0.46
59.3
0.44
0.770
0.84
2.12
0.84
1.65

fold
change
2002-04
0.9
1.1
0.2
0.5
1.6
10.8
0.7
3.4
1.2
1.4
0.7
2.9

0.57
1.47
1.21
0.54
1.15
0.35
0.25
0.90
0.98
0.193
0.424

0.89
0.90
0.86
0.79
0.59
0.62
1.23
1.307
0.97
1.54
0.55

0.5
1.3
1.0
0.4
0.6
0.2
0.3
1.1
0.9
0.2
0.2
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Table 5.1 continued
24
25
26
27

9917
9930
9932
9941

Q6JBN0
P83649
Q8S1V1
Q41772

29.8
30.43
34.23
23.5

4.72
5.12
5.27
5.39

28
29

9953
9955

O64961
Q7XXS0

14.96
14.1

5.54
5.32

30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

9959
9980
9981
9991
9996
9997
9998
9999
99102
99105
99117
99121
99125
99127
99128
99129

O6460
P38561
Q42420
Q8S1V1
Q84QC7
O82086
O81217
O82087
Q42420
O24186
Q42420
P24631
Q948L3
Q42420
P93407
P24632

16.09
38.84
40.91
40.38
11.3
12.81
12.54
8.94
7.55
6.8
11.93
12.86
16.02
12.92
11.56
13.52

5.4
5.36
5.23
5.49
4.31
4.38
4.52
4.61
5.13
5.6
5.29
5.56
5.57
4.86
5.13
5.13

46
47
48
49
50
51
52

99140
99143
99145
99146
99151
99153
99159

P09233
Q5VPF1
Q948L3
Q948L3
P23345
O49149
P93518

19.56
19.48
17
17
11.35
13.81
21.11

5.74
5.6
5.63
5.7
6.53
6.14
6.55

chitinase
Salt stress root protein RS1
putative xylanase inhibitor
cytosolic ascorbate peroxidase
low molecular weight heat shock protein
precursor
hypothetical protein P0676G05.12
low molecular weight heat shock protein
precursor
glutamine synthetase root isozyme 3
substilin/chymotrypsin like inhibitor
putatice xylanase inhibitor
pathogensis related protein 10
pathogenesis related protein1
trypsin inhibitor
pathogensis related protein-5
substilin/ chymotrypsin like inhibitor
trypsin inhibitor
substilin/chymotrypsin like nhibitor
low mol wt heat shock protein
drought inducible protein
substilin/chymotrypsin like inhibitor
superoxide dismutase
low mol wt heat shock protein
superoxide dismutase 3.1, mitochondrial
precursor
putative beta 1 subunit of 20S proteasome
drought inducible protein
drought inducible protein
superoxide dismutase
abscisic stress inducible proein
PRM3

6.134
0.003
4.05
0.005

0.52
1.17
0.07
1.00

3.1
0
0.3
0

2.018
2.53

0.77
0.08

1.5
0.2

0.086
1.73
1.33
0.38
0.84
0.37
0.15
0.22
0.19
0.50
1.26
0.09
0.98
0.50
1.88
0.47

0.92
0.6
0.26
1.52
1.01
3.79
0.89
0.90
13.7
0.118
1.42
2.53
0.85
4.27
0.46
0.48

0
1.0
0.3
0.5
0.8
1.4
0.1
0.2
2.7
0
1.8
0.2
0.8
2.1
0.8
0.2

1.09
0.50
2.88
1.83
0.47
0.140
1.033

0.38
1.86
0.316
0.57
0.72
1.13
1.95

0.4
0.9
0.9
1.0
0.3
0.1
2.0

143

143

Table 5.1 continued
53
54
55
56
57
58
59
60
61

4501
5704
6601
6805
7809
7902
8501
8503
8613

Q8S1V1
Q9M7E5
Q8S1V1
O49960
O49960
Q9LSU1
Q6JBK8
Q8L5C6
Q6KJB8

36.53
37.35
42.41
63.3
57.06
94.22
21.98
22.44
28.44

5.63
6.5
6.9
6.99
7.17
7.15
7.61
6.72
7.89

62
63
64
65

8703
8704
8707
9804

Q8L5C6
Q946H0
Q9M588
Q8S9Q6

30.58
29.72
31.37
36.9

7.14
6.92
6.67
8.9

66
67

99142
99143

Q94HJ5
Q5VPF1

23.6
19.48

5.79
5.6

putative xylanase inhibitor
Elongation factor1 alpha
putative xylanse inhibitor
polyphenol oxidase
polyphenol oxidase
proteosome subunit alpha type 5
chitinase
xylanase inhibitor protein I precursor
chitinase
xylanase inhibitor protein i precursor
protein
wound induced protease inhibitor
prohibitin
putative endo 1,3 beta glucanase
putative 3 beta hydroxysteroid
dehydrogenase/isomerase
putative beta 1 subunit of 20S proteasome

1.49
0.177
3.34
0.83
0.69
1.34
1.27
0.56
0.63

0.80
0.67
0.28
8.66
2.12
0.36
1.72
1.61
0.64

1.2
0.1
0.9
7.2
1.4
0.4
2.2
0.9
0.4

1.06
0.83
2.37
0.97

1.005
1.381
0.53
1.029

1.0
1.1
1.2
0.9

1.19
0.509

2.32
1.86

2.7
0.9
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CHAPTER VI
ANTIFUNGAL ACTIVITY IN MAIZE SILK PROTEINS AND ROLE OF
CHITINASES IN ASPERGILLUS FLAVUS RESISTANCE
Abstract
Antifungal activity in silk proteins from two Aspergillus flavus resistant, two susceptible,
and one intermediately resistant maize (Zea mays L.) inbreds were studied using agar
plate assay to determine anti-fungal activity in silk. The assay was performed using
paper discs containing silk proteins from each inbred in a Petri dish with agar inoculated
with green fluorescent protein (GFP) tagged A. flavus. The A. flavus growth on paper
disc was measured by either GFP-fluorescence or ergosterol content using high
performance liquid chromatography. No significant differences in GFP-fluorescence
were seen on the discs containing resistant and susceptible proteins (p>0.01). Ergosterol
content, a direct measure of the fungal growth, was significantly higher on disc
containing susceptible proteins (F was significant at p<0.01). Proteomic analysis of silk
proteins from all inbreds showed chitinases as one of the prominent antifungal proteins in
the silk. Three chitinases - PRm chitinase, chitinase I, and chitinase A were identified in
silk proteome of all genotypes. Since the three chitinases differed in type and amount,
the difference in chitinase activity from all inbreds was measured. Chitinase assays on
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on silk protein from crude extracts showed significantly higher activity in the resistant
lines compared to the susceptible lines (p < 0.01). Chitinase activity in silk proteins
from all inbreds also was observed in presence of urea. The presence of antifungal
proteins in silk, especially PR-3 proteins such as chitinases, could be contributing in
the resistance to A. flavus due to its differential expression in resistant and susceptible
lines.
Introduction
Aflatoxins are secondary metabolites produced by the fungi Aspergillus flavus
and A. parasiticus (CAST, Report R80, 1979). Aflatoxins are powerful hepatotoxins,
teratogens, mutagens and carcinogens and therefore very detrimental to human and
animal health (Wyllie et al., 1978). Infection by A. flavus and subsequent aflatoxin
accumulation can cause severe loss in value of crops such as maize, cotton, soybeans, peanuts (CAST, Report R80, 1979). More than 50 countries have proposed
and implemented regulation for controlling aflatoxin in food and feed (Haumann
1995). Aflatoxin levels in food and for human consumption are regulated by the
Food and Drug Administration to a maximum of 20 ppb (Brown et al., 2003).
Maize (Zea mays L.) is an economically and nutritionally important crop as it
represents a staple food for a significant proportion of world population. Aflatoxin
contamination of maize is a frequent occurrence in the southern United States, where
the crop typically experiences hot and dry periods during the growing season. It
occurs less frequently in the midwestern United States (Payne, 1992). Several
strategies have been recognized for eliminating A. flavus contamination in pre-harvest
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as well as post- harvest conditions. Control of aflatoxin contamination in corn,
especially through host plant resistance, has been widely explored because of the
successful identification of germplasm resistant to aflatoxin contamination (Windham
et al., 2002; Brown et al., 1999) and also due to the identification of natural resistance
traits and mechanisms (Cleveland et al., 2003; Davis et al., 1999).
Silks, a maternal tissue in maize, have long been hypothesized to be main
entry route to the kernels and are considered the first line of defense against fungal
infection such as Fusarium and Aspergillus (Reid et al., 1995; Payne et al., 1988).
The presence, identification and/or roles of antifungal proteins in silks are not known.
Some antifungal proteins in plants are also called as pathogenesis related (PR)
proteins and there are grouped into 17 independent families (Campo, 2004). PR-3,
one of the most important PR protein classes, targets the fungal plasma membrane
(Theis et al, 2004). Chitinases are one of the PR proteins and they are classified in
the PR-3 group; they form the second largest group of antifungal proteins (Brennan
1974; Thesis et al., 2004).
The objectives of this study were to examine the antifungal activity of silk
proteins and determine the expression and activity of prominent PR proteins such as
chitinase, by two dimensional gel electrophoresis (2-DE) and chitinase assay,
respectively. Chitinase assays were also conducted on silk protein extracts using
protein denaturing reagents such as urea to see if they were active. The presence of
impervious hydrophobic amino acids in protein sequence has been implicated in
resistance to denaturants such as guanidinium and urea (Cockie et al., 1978).
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Identified chitinase were then analyzed for the number of hydrophobic amino acids
present by using the Lasergene 6 software (DNA Star Inc.).

Materials and Methods
Plant Material
Two resistant maize inbreds (Mp313E and Mp420) developed at USDA-ARS,
Mississippi State (Scott et al., 1990, 1992) were used in this study. The resistant
inbreds were compared to susceptible inbreds (SC212m and Mp339) and an inbred
with intermediate resistant (Tx601) (Windham et al., 2002). Silks of resistant corn
inbreds (Mp420, Mp313E), intermediate resistant inbred Tx601 and susceptible
inbreds (SC212m, Mp339) were obtained from USDA-ARS, Mississippi State. Silk
tissues were collected during three growing seasons (2002, 2003 and 2004). The
planting dates in 2003 and 2004 were April 21. The 2002 planting date was April 19.
Individual plots were a single row, 5.1m in length spaced 0.96m apart and thinned to
twenty plants per plot at approximately the V5 stage (Ritchie et al., 1982).
Herbicides and fertilizer (application based on soil tests) were applied according to
standard cultural practices for corn in northern Mississippi. Silks were collected from
open-pollinated ears 21 days after silk emergence (DAS). The silks on the outside
portion of the ear were cut off before the husks were peeled and the inside silks were
removed and used for 2-DE and anti-fungal assays.

Electrophoresis and Mass Spectrometry
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To identify potential antifungal proteins present in the silks and also important
PR-3 proteins such as chitinase, proteins were extracted using phenol extraction
(Hurkman et al., 1986) and were quantified using RC-DC kit (Bio-Rad, Hercules,
CA) before performing first dimension electrophoresis. The quantified protein (2 mg
total protein) from each genotype was dissolved in 410 µl rehydration buffer
containing 9 M urea, 4% CHAPSO, 1% DTT, 0.2% pH 4-6 & pH 3-10 ampholytes
(Sigma, St. Louis, MO). Dissolved proteins were subjected to first dimension
electrophoresis on 24 cm IPG strip (Bio-Rad, Hercules, CA) having non-linear pH
gradient ranging from 3-10 in a PROTEAN IEF Cell (Bio-Rad). A 2D marker (BioRad) was also run along each set of susceptible and resistant replicates to calculate
the experimental pI and molecular weight of the protein. Slab gels (25 cm x 20.5 cm
x 1.5 mm) were cast in PROTEAN Plus Multicasting chamber (Bio-Rad) with a 1015% linear polyacrylamide gradient. The second dimension was carried out in the
PROTEAN plus Dodeca Cell unit (Bio-Rad) at 20 mA/gel. Gels were stained with
Colloidal Coommassie Brilliant Blue G-250 (Sigma, St. Louis, MO) and images were
taken on Fluor-S-multiimager (Bio-Rad). Spots from all genotypes were matched and
analyzed by PDQuest® Software (Bio-Rad). Three independent extractions from
each genotype were analyzed simultaneously. Then all replicates of resistant and
susceptible genotypes were compared and the spots that were consistently different in
all replicates and all years were excised for analysis. The expression of protein was
quantified by measuring the density and area of the spot on each gel image. Fold
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change in protein abundance was measured from all three replicates from each year
and from tissues collected from the three growing seasons. Only the proteins that
showed at least two-fold up-regulation in expression in the resistant or susceptible
gels were considered for further analysis. The spots were then cut and reduced with
10 mM DTT (Sigma, St. Louis, MO) for 5 min and alkylated with 100mM
iodoacetamide (Sigma, St. Louis, MO) for 30 min. These spots were digested with
trypsin (Promega, Madison, WI) (1:50 w/w, 16h, 37°C) and were extracted in a
solution containing 0.1% formic acid and 5% acetonitrile (Sigma, St. Louis, MO).
The spots were plated and covered with matrix buffer alpha cyano 4, hydroxy
cinnamic acid in 1: 1 proportion with the sample and were then identified by LC/MSMS (Thermofinnigan proteome X Workstation) and MALDI TOF/TOF (ABI-4700
Proteomics Analyzer).
Protein Identification
All the proteins were searched using TurboSEQUEST TM (Bioworks Browser
3.1, SR1; ThermoElectron). Mass spectra were searched on a cumulative database
containing EST translated and protein sequences from monocots such as maize,
sorghum, wheat, barley, rye and eudicots such as M. trunculata, soybean, lotus,
tomato, potato, cotton and iceplant. This database, known as Protein Identification
Enhancement (PIE) tool was provided by Dr. Wang (Bridges et al., 2005). Strict
parameter such as at-least 95% confidence interval was used to confirm the identity
of the proteins.

Antifungal Activity Assay
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Antifungal bioassays were conducted using silk proteins extracted from silks
that were homogenized to powder in 6800 Freezer mill (Spex Certi Prep Inc,
Metuchen, NJ). Proteins were extracted in Tris phosphate buffer, pH 7.0 (Sambrook
et al., 1989). Bioassays were conducted on agar plates using some modifications of
the method of Roberts et al., 1990. Medium containing 5% V8 juice and 2% agar
was first autoclaved for 20 min and then cooled to 45°C before it was inoculated with
conidia of green fluorescent protein (GFP) tagged A. flavus to achieve a final
concentration of 104 conidia/ml. GFP-tagged A. flavus used for the antifungal
bioassay was obtained from Dr. Gary Payne (North Carolina State University,
Raleigh, North Carolina). Approximately 40 ml of well-mixed inoculated media was
poured in each Petri dish (150x15 mm) and was incubated overnight. Six disks of
sterile Whatman filter (2 mm) diameter (Whatman, Florman Park, NJ) were placed
on surface of the medium and 50 µl of the protein extract containing 2 µg/µl protein
dissolved in PBS from a resistant or a susceptible inbred was added to each paper
disc. The amount of protein in each sample was quantified using RC-DC kit (BioRad, Hercule, CA). Phosphate buffer saline (PBS) pH 7.5 that was used to dissolve
the protein pellet served as the control. After application of the silk protein on paper
disc, Petri dishes were incubated at 27°C for 48 hours and were then analyzed daily
for a period of 20 days for fungal growth. The discs inoculated with GFP-tagged A.
flavus were monitored for fungal growth using the Illumatool Bright Light System
LT-9900 (Light Tools Research, Encinitas, CA). The experimental design was a
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randomized complete block (RCB) with 30 replications of each plate that contained
silk proteins from each genotype and a control.
Fluorescence Intensity Quantification
The amount of A. flavus present on the filter paper was quantified by Quantity
One (Bio-Rad, Hercules, CA) software by measuring fluorescence intensity.
Ergosterol Analysis
The amount of A. flavus on paper discs was also quantified by measuring the
ergosterol content by using an extraction procedure similar to that of ArthingtonSkaggs et al., 1999 with some modifications. The ergosterol was eluted at 9.5
minutes from a C18 (Zorbax C18 4.6 x150 mm, 5 µm, Agilent Technologies,
Wilmington, DE) column in an isocratic mobile phase containing
acetonitrile/methanol (50/50, v/v) containing 3% water (v/v) thermostatted at 51°C at
280 wavelength and a flow rate of 1 ml/min (www.cyberlipid.org/ster0002.htm,
accession date 6/10/2004).
Chitinase Assay
The chitinase assay was performed according to Zou, et al. (2002) with some
modifications. All chemicals used in this assay were from Sigma (St. Louis, MO).
Glycol chitin (1 mg) was dissolved in 2 ml nanopure water and micro-waved for 5
seconds. Acrylamide (30%) and Tris buffer (1.5 M, pH 8.8) were then added. The
gel was polymerized with ammonium persulphate (10%) and TEMED (3µl/ 10ml) in
a 96 well plate. About 10 µl of 5 µg/µl proteins dissolved in 5 M urea was used for
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each assay. The gel was incubated for 20 min. A fluorescent dye, Fluorescence
Brightener 28 (Sigma, St. Louis, MO) (1µg/ml) was added to the reaction and the
plate was incubated in dark for 5 min. The plate was washed with double distilled
water prior to observation under UV light. Standardization of the assay was made
using commercial chitinase (Sigma, St. Louis, MO). Presence of fluorescence
indicated that there was no chitinase activity because the dye binds only to undigested
glycol chitin. The fluorescence was quantified using Quantity One software (BioRad, Hercules, CA).
Statistical Analysis
Statistical analysis of antifungal assay on 30 replicates from 3 harvests was
carried out using the Proc GLM procedure in SAS V8.2 (SAS Institute, Cary, NC,
USA), with means separated by least significant difference. Correlations between the
fluorescence intensity and the ergosterol data were made using the Proc Corr
Spearman in SAS V8.2.
Results
Identification of Antifungal Proteins from Silk Proteins by 2-D Gel
Electrophoresis
To determine the anti-fungal proteins present in the silks, 2-DE was run from
three independent silk extractions. Our goal was to determine if there were proteins
that were different in abundance between the silks of resistant and susceptible
inbreds. After identification of all spots on the gels, the most prominent anti-fungal
protein seen by 2-DE was chitinase. Three major chitinases were identified from the
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silk proteome by 2-DE. These were PRm3 (P93518), chitinase I (Q6JBN0) and
chitinase A (Q6JBK8). Two spots (1a and 1b) were identified in all inbreds as PRm3.
Spot 1a showed comparatively less expression in susceptible lines than in resistant
lines (Figure 6.1a). Expression of PRm3 was the highest in Mp313E; the least
expression was in Mp339 (Figure 6.1a). This was also confirmed by the quantity
report that showed highest spot intensity in Mp313E and least in Mp339 (Table 6 1).
This spot had a pI of 8.5 and its experimental molecular weight was 25.97 kD. The
other PRm3 showed negligible quantitative difference in expression (Figure 6 1b,
Table 6 1). This protein had a molecular weight of 256 kD and pI of 4.0.
The abundance of chitinase A (chiA) in all five genotypes appeared
quantitatively different (Figure 6 2, Table 6 1). The amount of chitinase A in
susceptible line Mp339 and intermediate resistant Tx601 was the lowest, while the
resistant lines (Mp420 and Mp313E) as well as the susceptible line SC212m showed
comparatively higher amounts. ChiA is classified to be a basic protein belonging to
class I chitinase (Tiffin, 2004). Its experimental molecular weight and pI were 25.06
kD and 6.6, respectively. Out of total 280 amino acids in ChiA, 91 were hydrophobic
amino acids and 86 were polar amino acids. ChiA and PRm3 showed hydrophobic
amino acids scattered across the sequence.
Two spots 3a and 3b (Figure 6 3a and 6 3b) were identified as chitinase I
(chiI) and different amounts of the proteins were present in each genotype (Table 6
1). The chi I corresponding to spot 3a had a molecular weight of 30.4 and pI of 4.2
and the chi I that corresponded to spot 3b had a molecular weight of 29 kD and pI of
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4.5. This protein both the isoforms was abundant in all of the lines except Mp339 and
SC212m (Table 6 1). Sequence analysis of chitinase I protein predicted a total of 320
amino acids with103 hydrophobic amino acids and 104 that were polar.
Alignment of all chiI, chi A and PRm3 showed little homology and
phylogenetic tree (Figure 6.4) showed that chiA and chiI were evolutionarily closer
than PRm3. Alignment of PRm3 with chiI and chiA showed about 14.6% and 12.6%
homology respectively (Figure 6.5a and 6.5b), while chiA and chiI alignment had
88.7% homology. The most noticeable difference among these chitinase sequences
was the presence of hydrophobic amino acids dispersed across the sequence of PRm3
protein.
Antifungal Activity in Silk Extracts
Agar plate assay was performed to determine if there was antifungal activity
in silks from all inbreds. Antifungal activity of silk proteins was measured by the
fluorescence intensity of the GFP-tagged A. flavus growing on the paper disc and
biochemically by measuring the amount of ergosterol on 30 replicates from three
harvests. GFP-images using Illumatool Bright Light system were taken at intervals
for 20 days after inoculation to monitor the growth of fungus on the discs. Figure 6.6
shows images of individual discs taken from a Petri dish that contained six discs with
protein from each genotype and the control (PBS). Usually there was no fungal
growth until two weeks after inoculation. Paper discs containing silk proteins from
susceptible lines typically showed more A. flavus growth on the paper disc as
compared to resistant lines (Figure 6.6). Fluorescence intensity analysis from three
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harvests showed the susceptible lines (SC212m, Mp339) had higher GFP
fluorescence indicating more fungal growth on these proteins and less on the discs
from resistant inbreds (Mp420, Mp313E, Tx601; Figure 6.7). In all three years, the
fluorescence intensity was highest in Mp339 (Figure 6.7). Tx601 varied from having
high levels of fungal growth to less fungal growth than resistant inbreds (Mp420,
Mp313E). No fungal growth was seen under the discs and all the fluorescence
captured by the camera was from fungus growth on top of paper discs. However, a T
test of the fluorescence data showed that Mp339, SC212m and control did not
significantly differ in fungal growth from Tx601, Mp313E and Mp420. Because
these results were not significant, the amount of ergosterol, which is directly
proportional to the amount of fungal growth, was determined (Peitri et al., 2004;
Janardhana et al., 1999; Castro et al., 2002). Results from the ergosterol assay
(Figure 6.8) show that discs containing protein extracts from susceptible lines have
more ergosterol content than the resistant lines. Tx601, an intermediate resistant
inbred, had variable amounts of ergosterol. There were no significant difference in
ergosterol levels among years, but significant difference between genotypes
(p<0.001). The resistant inbreds (Mp313E, Mp420) and control had significantly less
ergosterol than SC212m and Mp339 (F was significant at p<0.0001). Mp339 showed
significantly higher ergosterol content compared to SC212m. For all the three years,
ergosterol data showed a significant correlation with the fluorescence data (F was
significant at p<0.0001). There was no significant correlation between ergosterol and
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GFP fluorescence when compared within genotypes, except in 2004, when only
Mp420 showed significant correlation (F was significant at p<0.02).
Chitinase Assay
The most prominent class of antifungal proteins identified by 2-DE was the
chitinases. Two of the identified proteins (spot 4a and 4b) were PR3 proteins. To
determine if differences seen on the gel corresponded to differences in chitinase
activity, a chitinase activity assay was performed. Assays were also performed in
presence of protein denaturizing conditions, such as boiling and in the presence of
urea (5M) to examine the activity of chitinase (Figure 6.9). In Figure 6.9, the top row
shows the activity of silk proteins in presence of 5M urea. The activity in the wells
looked very similar to silk proteins extracted in PBS in the bottom wells. The activity
of chitinase was quantified by measuring the amount of fluorescence using Quantity
One ® (Bio-Rad).
The assays were conducted in 96 well plates and hydrolyzed glycol chitin was
visible under UV light. Figure 6.10 image represents the presence of chitinase
activity in silk extracts in phosphate buffer (bottom row) and also in those dissolved
in 5 M urea sample buffer (top row). Phosphate buffer and 5 M urea was used as
control for silk proteins dissolved in urea, respectively. Chitinase activity was also
observed in silk proteins dissolved in buffer containing 5 M urea. Approximately 5
µg/µl of protein dissolved in 5 M urea was used for this assay. No chitinase activity
was detected after boiling the silk proteins in buffer containing urea. To estimate
chitinase activity, a standard curve was prepared using known amounts of commercial
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chitinase. There was significant difference in the chitinase activity among the
resistant and susceptible genotypes in the silk extracts (p<0.01) (Figure 6.10, Table
6.2). The resistant inbreds (Mp313E, Mp420) showed higher chitinase activity
compared to the susceptible inbreds (Mp339, SC212m). Tx601 varied in its chitinase
activity from being as high as resistant to as low as the susceptible lines. Figure 6.10
shows the comparative chitinase activity assay of the silk proteins in presence of
denaturing conditions and in silk extracts in PBS buffer. In the first row chitinase
activity in proteins extracted in phosphate buffer saline (PBS) pH 7 is shown; the
same samples were then boiled for 5 minutes and showed no chitinase activity, as
seen in the second row. The third row represents the chitinase assay of silk proteins
dissolved in 5 M urea. The samples dissolved in 5M urea did show activity though it
was only half the activity than proteins in PBS.
Discussion
We first performed 2-DE of silk proteins extracted from inbreds that were
resistant and susceptible to aflatoxin accumulation to determine if there were
antifungal proteins that were differentially expressed between resistant and
susceptible lines. The most prominent and abundant antifungal proteins that were
expressed differentially in all inbreds were chitinases. PRm3 (P93518), chitinase I
(Q6JBN0) and chitinase A (Q6JBK8) were the PR-3 proteins found by 2-DE. PRm3
chitinase has been shown to play a role in stress resistance to heavy metals in treated
maize leaves (Didierjean et al., 1996). Chitinase-A was compared with other PR-3
proteins such as chitinase B known for its antifungal property. Chitinase A was
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observed to have more antifungal activity than chitinase-B in maize seeds (Huynh et
al., 1996). These chitinases (chiI and chiA) have also been seen to play major role
during biotic stress and their evolutionary history has been studied (Tiffin, 2004).
Alignment of these chitinases indicated that PRm3 was evolutionarily distant from
chitinase A and chitinase I. Proteomic analysis all inbreds suggested a difference in
the amount and types of chitinases and this prompted us to do a comparative study of
the chitinase activity in the inbreds.
Chitinase assays of silk extracts showed presence of chitinase activity in all
genotypes. Chitinase activity was also observed in the presence of 5 M urea, but it
was approximately 25% less than samples resuspended in PBS. The chitinase
activity, although diminished, was observed in buffer containing 5 M urea, which
indicates resistance to denaturing reagents. When the protein extracts from silk were
boiled, no chitinase activity was observed. Chitinase activity assays were conducted
in more than 30 independent assays to determine the average activity in each inbred.
A significant difference was seen in the activity in PBS extracts as well as in 5 M
urea extracts for resistant and susceptible silks. Chitinase (Chi70) a membraneassociated protein, purified from a thermophilic archeaon Thermococuss
chitonophagus showed activity at 70оC and was resistant to denaturation by urea,
sodium dodecyl sulphate and allosamidin, a chitinase inhibitor (Andronopoulou et al.,
2003). Chi70 was rich in hydrophobic amino acids and this was one of the reasons
that contributed to its sturdy characteristics. Since no chitinase has been reported to
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have such robustness in plants, we wanted to learn more about its characteristics of
chitinases found in silk tissues.
Proteins that have more hydrophobic amino acids have been implicated in
resistance to denaturing reagents, such as guanidinium and urea by forming
hydrophobic core (Cockie et al., 1978). Many studies have concluded that the
denaturation of proteins by these reagents depends on their ability to disrupt both
intermolecular hydrogen bonds and hydrophobic interactions. Protein sequence
analysis using Lasergene 6 (DNA star software) revealed that PRm3 chitinase had
more than 50% hydrophobic amino acids. PRm3 chitinase has 53% hydrophobic
amino-acids while chitinase A had only 32.5% hydrophobic amino-acids.
It was of interest to study functional domain of PRm3 chitinase as it had
several hydrophobic amino acids dispersed across its sequence. Using Pfam
(Washington University, St. Louis, MO) the predicted functional domain of PRm3
chitinase was found between amino acids 27 and it is possible that this protein folds
in a way that it forms a hydrophobic core due to which the denaturing reagents do not
gain access to the key domain controlling the protein activity. Many antifungal
proteins such as soybean trypsin inhibitor (Leach et al., 1977), subtilisin (Brown et
al., 1975) and other proteins such as uricase (Pitts et al., 1974) were found to be
resistant to denaturants due to their structurally rigid domain. It has also been
observed that the presence or increase of hydrophobic amino acids at a few or even
one key position could alter the stability of a protein toward denaturation (Yutani et
al., 1977). We speculate that activity seen in presence of urea may be due to the
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hydrophobic amino acids present in the catalytic domain or in one of the key
positions that is needed for the stability of PRm3 chitinase. It is also possible that
urea diffused out of the dics so that the proteins could become more active.
Because the silk protein extracts contained several chitinases and their activity
differed among the inbreds, we tested its activity. In addition, proteomic analysis
indicated that other potential PR proteins that are not chitinases were present. They
could also play a role in preventing fungal growth on the filter paper discs.
First, GFP-tagged Aspergillus flavus was used to monitor fungal growth on
filter paper discs. In this case, fluorescence is observed in conidia, which sporulate
on in media or the paper disc containing the silk proteins (Du Wanglei et al., 1999).
Quantification of GFP fluorescence revealed higher level of fluorescence on the discs
that contained proteins from the susceptible lines (SC212m, Mp339) than resistant
inbred proteins (Mp313E, Mp420). The level of fungal growth inhibition by Tx601
silk proteins varied from year to year. Although there appeared to be more GFP
fluorescence on the discs containing proteins from susceptible silk, the difference
between resistant and susceptible lines was not significant. Therefore, the ergosterol
content on each disc was measured. The major sterol of the fungal plasma membrane
is ergosterol (Seitz et al., 1979) which is directly correlated to the amount of fungal
growth (Brennan, 1974; Janardhana et al., 1999). The ergosterol pathway is also used
as a target for most antifungal agents to control fungal infection (Thesis et al., 2004).
Ergosterol analysis has been previously used to quantify A. flavus infection in maize
(Peitri et al., 2004; Janardhana et al., 1999; Castro et al., 2002). The discs, containing
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proteins from susceptible silks, showed significantly higher ergosterol content than
the resistant inbreds. The fluorescence intensity data of Mp420 and Tx601 genotypes
correlated well with the ergosterol content on each disc, but ergosterol and
fluorescence data in other inbreds showed only 25% correlation. The 2002, 2003 and
2004 ergosterol data showed significant co-relation with the fluorescence data. Thus
we concluded that ergosterol analysis is a better way of estimating the amount of A.
flavus growth on discs.
We propose from our investigations that presence of antifungal proteins in
silks, especially the important PR-3 protein, chitinase might contribute to resistance
to A. flavus infection due to its differential expression in resistant and susceptible
lines. Silk chitinases showed significantly higher activity in resistant lines compared
to the susceptible lines. Though chitinase activity in urea was lower than in PBS
extracts, activities in resistant inbreds were still higher compared to susceptible
inbreds. The presence of robust antifungal proteins such as PRm3 chitinase and
chitinase A in silk might be contributing to resistance and such PR proteins could be
used as candidate genes for marker-assisted studies in breeding program.
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Figure 6.1a Enlarged 2-DE image of a PRm3 isoform (spot 1a) in silk proteins
extracted from all inbreds
The spot is highlighted in the yellow box.
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Figure 6.1b Enlarged 2-DE image of a PRm3 isoform (spot 1b) in silk proteins from
extracted from all inbreds
The spot is highlighted in the yellow box
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Figure 6.2 Enlarged 2-DE image of chitinase A (spot 2) in silk proteins extracted
from all inbreds
Mp313E was chosen as the master gel for this match set analysis.
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Figure 6.3a Enlarged 2-DE image of chitinase I isoform (spot 3a) in silk proteins
extracted from all inbreds
The spot is highlighted in the yellow box in the gel.
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Figure 6.3b Enlarged 2-DE image of chitinase I isoform (spot 3b) in silk proteins
extracted from all inbreds
The spot is highlighted in the yellow box in the gel.

Figure 6.4 Phylogenetic tree showing the evolutionary distance of chitinases
Chitinase I and chitinase A closer to each other than to PRm3 was
evolutionarily distant. PRm3 showed very little homology to the other
two chitinase sequences.

Figure 6.5a Amino acid alignment of PRm3 and chitinase I
The red boxes show the region of homology, which was only 14.6%.
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Figure 6.5b Amino acid alignment of PRm3 and chitinase A
The homology of these two sequences was only 12.6% as indicated by the red box.
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Resistant protein (Mp313E)

Susceptible protein (SC212 m)

Resistant protein (Mp420)

Susceptible protein (Mp339)

Resistant protein (Tx601)

Control (sample dissolving buffer)

Figure 6.6 Images of the paper discs containing silk protein extracted using phosphate
buffer saline from all inbreds on a representative Petri dish containing GFPtagged A. flavus
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GFP fluorescence was visualized with an Ilumatool Bright Light System and
images were taken with an exposure of 1 min and 57 sec. The pictures were
taken after 20 days after the discs were placed on the plate. The source of
the extracts is labeled by inbred name in the figure. The control contained
phosphate buffer saline which was used as a sample extraction buffer
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Figure 6.7 Quantification of GFP fluorescence, representing A. flavus growth, on filter
paper discs containing silk protein extracts
Fluorescence was quantified using Quantity-One software (BioRad) from 30
discs from each inbred. This was done for each year of the study. The
control sample contained phosphate buffer saline which was used for
extraction of proteins. The bars indicate the standard deviation in the GFP
fluorescence on the paper disc from studies conducted in silk proteins from
three years.
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Figure 6.8 Quantification of the ergosterol content, representing A. flavus growth, on
filter paper discs containing silk protein extracts
Ergosterol levels were determined from 30 discs from each inbred. This
was done for each year of the study. The control sample contained
phosphate buffer saline which was used to extract silk proteins. The bars
indicate standard deviation in the ergosterol content for all inbreds
conducted in silk proteins from three years.
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Top row: 5M urea

Bottom row: PBS

SC212m

SC212m

Mp339

Mp339

Mp420

Mp420

Blank

Mp313E silk extract

Figure 6.9. Measurement of chitinase activity in silk protein extracts using glycol chitin
as a substrate
Activity was visualized by the absence of fluorescence in the presence of dye
Fluorescence Brightener 28. The top row shows silk protein extracts
dissolved in 5 M urea. The first and last wells in this row are the control (5 M
urea) without protein. The bottom row shows silk protein extracts made in
PBS. The first well in the row on the left is the control (PBS) without protein.
The remaining wells are labeled with the names of each inbred.
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Figure 6.10 Measurement of chitinase activity in silk protein extracts using glycol chitin
as a substrate
Activity was visualized by the absence of fluorescence in the presence of
dye Fluorescence Brightener 28. The wells in row A contain silk protein
extracts made in PBS: 1) PBS control, 2) Mp420, 3) SC212m, 4) Mp313E,
5) Mp339, and 6) Tx601. Samples in row B are in PBS but they were boiled
for 5 min prior to the assay. The first cell in the row B contains commercial
chitinase as control. Row C contains the same samples dissolved in 5M
urea.

Table 6.1 F old change in the expression of chitinase in all inbreds
This report is scored on the basis of area and intensity of the spot and its coefficient of variance were calculated for all
years by matching three replicates from three years of susceptible and resistant line. Spots from Mp313E was used as
the standard or master gel for the comparisons of the spot intensity among inbreds,
Accession
no.
Q6JBN0
Q6JBN0
P93518
P93158
Q6JBK8

Spot# Protein Mr
(kd)
3a
chiI
30.4
3b
chiI
29.0
4a
PRm3 29.6
4b
PRm3 25.6
5
chiA
25.0

pI

Mp313E SC212m Tx601 Mp420 Mp339

4.2
4.5
8.5
4.0
6.6

4.5
3.09
5.5
4.6
5.7

3.99
1.9
2.3
2.5
1.2

4.3
2.8
4.5
2.4
5.3

4.3
3.4
4.9
4.1
5.2

1.2
1.6
1.7
3.5
2.1
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Table 6.2 Relative chitinase activity of silk proteins harvested in three different years
The proteins were extracted from the resistant (Mp420, Mp313E) and the
susceptible (SC212m, Mp339) inbreds in either PBS or extraction buffer
containing 5 M urea. Relative chitinase activity was determined by measuring
the fluorescence of the dye Fluorescence Brightener 28 using Quantity One
®software (Bio-Rad). A standard plot made by testing the activity of
commercial chitinase at varying dilutions was used to calculate the amount of
activity. Means with same letter are not significantly different according to F
test.
Inbreds
Mp420
Mp313E
Tx601
SC212m
Mp339

2002
5 M Urea
28.0 a
26.0 a
21.0 b
15.9 c
13.2 c

2002
PBS
88.0 a
87.83 a
84.84 b
78.35 c
78.23 c

2003
5 M Urea
26.3 a
23.5 a
19.0 b
14.5 c
13.2 c

2003
PBS
88.73 a
87.89 a
85.25 b
78.69 c
78.40 c

2004
5 M Urea
24.5 a
23.5 a
21.03 b
21.05 c
20.53 c

2004
PBS
88.17 a
88.53 a
85.18 b
78.84 c
79.50 c

CHAPTER VII
SUMMARY
Zea mays L. is an economically important crop economically and for food and feed in
the world. Contamination of maize by A. flavus has been of major concern as it is the
main producer of aflatoxin, a carcinogenic secondary metabolite. A. flavus poses serious
problems to animal and human health and many strategies have been developed to
contain aflatoxin infection. One of the techniques is using modern tools such as
proteomics to find proteins that contribute to resistance and use them as markers in
marker-assisted selection breeding. Since our laboratory is interested in understanding
the mechanism of maize resistance to fungal growth and since silks have been suggested
as one of the entry routes for A. flavus, we planned to accomplish the following
objectives:
1. To perform comparative proteomic analysis of maize silks from resistant and
susceptible maize inbreds and identify proteins that are differentially regulated
and examine differences in transcript levels as well as gene sequence. To map the
candidate proteins in the QTL region known for alfatoxin resistance.
2. To identify the proteins in silks from resistant and susceptible maize inbreds that
change in abundance when challenged with A.flavus using a proteomics approach.
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3. To study the proteome of silks of resistant inbred Mp313E and identify proteins
using two different proteomic techniques.
4. To compare the antifungal activity of silk proteins from susceptible and resistant
maize inbreds.

The resistant lines used in this study were developed by scientists at USDA-ARS
CHPRRU at Mississippi State University USDA. These included resistant lines (Mp420,
Mp313E) (Scott et al., 1990; 1992) and two susceptible inbred lines (SC212m, Mp339)
(Scott and Zummo, 1988; Williams and Windham, 1998).
Comparative proteomic analysis of the two resistant and two susceptible lines led
to identifications of several stress-related proteins and house-keeping proteins that were
up-regulated, present or down-regulated in when resistant and susceptible lines were
compared. Tissues were collected from 21 days after silking (DAS) and 25 days after
silking (DAS) from all four inbred lines. Mp313E, the inbred line showing least aflatoxin
contamination (Windham et al., 2002) was compared with SC212m having the highest
levels of aflatoxin concentration (Windham et al., 2002) during a field test at Mississippi
State. Proteome pattern of SC212m resembled that of Mp313E, while it had a very
different protein expression compared to Mp420, hence making it difficult to judge if the
changes in the proteins were due to phenotype or stress. Therefore, SC212m was
compared only with Mp313E and Mp420 was compared with Mp339 with which it
shared a similar protein patterns.
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The number of consistently differently regulated protein in Mp313E compared to
SC212m was 33 at 21 DAS and 19 proteins at 25 DAS. There were 35 proteins from the
resistant inbred (Mp313E and Mp420) that were not expressed consistently in tissues
analyzed from three harvest and hence did not make it to the final list of differentially
regulated proteins (Appendix, Table 1). Out of the 33 proteins that were differentially
regulated, 6 proteins were down-regulated compared to SC212m in 21 DAS tissues. All
the other differentially regulated proteins had an increased expression up to at least twofold compared to SC212m. In Mp313E 25 DAS silks, all the proteins were up-regulated
by at least twofold. Important proteins related to stress such as pathogensis-related
protein-1, trypsin inhibitor, substilin, drought inducible protein, oxalate oxidase,
pathogenesis-related protein-10, caffeic acid 3-O methyl transferase, ACC oxidase,
peroxidase, superoxide dismutase, glutathione-transferase, chitinase A, poly-phenol
oxidase and quinine reductase were found up-regulated in Mp313E 21 DAS silks when
compared to SC212m 21 DAS silks. In Mp313E 25 DAS silks, stress-related proteins
such as chitianse A, PRm3, defense related precursor, substilin, heat shock protein 22,
abscisic acid and stress inducible protein, and 26S proteasome regulatory particle triple A
were up-regulated by at least two-fold . No protein was consistently differentially
regulated in SC212m compared to Mp313E at 21 or 25 DAS. The proteins that were not
consistently expressed in three harvest have been listed in Appendix (Table 2).
In Mp420, there were 24 proteins at 21 DAS and 23 proteins at 25 DAS that were
differentially regulated when compared with Mp339. Stress-induced proteins such as
chitinase, pathogenesis-related protein-10, PRm 3, ribosome inactivating protein 9,
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permatin precursor, substilin, putative quinone oxidoreductase QR2 were seen upregulated in 21 DAS Mp420 tissues. All the differentially regulated proteins in Mp420
silks at 21 DAS were up-regulated by at least two-fold. In Mp420 25 DAS, stress-related
proteins such as glyoxylase, chitinase A, chitinase, permatin precursor and substilin were
up-regulated by two-fold. At 21 DAS, in Mp339 silks, there were 22 proteins upregulated when compared to 21 DAS silks from Mp420. But no proteins were found
differentially regulated in Mp339 silks collected 25 DAS compared to the same age silks
from the resistant line Mp420.
Substilin and chitinase A were among the proteins that were up-regulated at 21 as
well as 25 DAS silks in resistant lines and were chosen for further analysis to determine
if there were DNA sequence polymorphisms by amplifying randomly regions from the
coding region of the genes. Gene-specific primers were designed for the random
amplification from coding regions and the same primers were used to study the
expression of substilin and chitinase A in silks collected at 21 and 25 DAS. The
transcripts of the genes were quantified using real-time PCR. Characterization of
differentially regulated genes in resistant and susceptible inbreds showed polymorphisms
in several regions in the genomic sequences in both substilin and chitinase A. This
suggests their potential use as markers in breeding. The real-time PCR studies showed
that expression of substilin genes increased from 21 to 25 DAS in resistant tissues. The
transcript from Mp313E, Mp420 and SC212m had low expression at 21 DAS but the
expression of the gene increased in 25 DAS. In Mp339, the expression was high at 21
DAS and decreased 9-fold at 25 DAS. This suggested that substilin may be down-
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regulated with the gradual development of the maize silk in susceptible lines and could be
one of the factors contributing to the susceptibility of Mp339.
Real-time PCR studies of chitinase A showed that Mp313E and Mp420 transcript had
low expression at 21 DAS, but had increased expression at 25 DAS by 0.2 fold. This
suggests that the transcript level remains relatively steady. While in Mp339 and
SC212m, the expression was high at 21 DAS and decreased at 25 DAS by 1 and 0.4-fold
respectively. This suggests that chitinase A transcripts may be down-regulated in
susceptible lines with the aging of the silk, which then renders it susceptible to infections.
This might be one of the factors contributing to the susceptibility of Mp339 and SC212m.
Nine proteins from the group of differentially regulated proteins mapped to chromosomes
1, 2, 4 and 6 which are known to have aflatoxin resistance QTLs (Brooks et al., 2005).
These included superoxide dismutase (P23445), substilin (Q42420), nuclear transport
factor (Q9XJ54), PRm3 (P93518), germin like protein (O49000), 2, 3
bisphosphoglycerate-independent phosphoglycerate mutase (P30792), peroxidase
(Q6RFL1), chitinase A (Q6JBK8) and polyubiqutin (O65332). All the candidate stress
proteins were quantified based on the spot intensity and the pixel of the spot in one gel
compared to the other using PDQuest® software. Only those proteins that were upregulated by two-fold were listed in the tables of Chapter 3.
Some proteins were also down-regulated and these were also recorded. Multiple
gene product expression and their interactions lead to a specific response of the organism
during stress. Up-regulation or down-regulation of proteins contributes to the phenotype
of the plants. Hence, by this study we have opened avenues of using the differentially
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expressed proteins as candidate genes as markers in marker-assisted selection breeding.
Identification of the differentially regulated proteins also leads to new approaches such as
transgenic over-expression of these candidate genes to enhance host resistance. These
proteins could also be used to obtain a better understanding of host resistance
mechanisms to pathogen.
Comparative proteomics was also used to study the response of proteins to
inoculation in A. flavus resistant and susceptible maize inbreds. This was inoculating
open-pollinated ears with conidia of A. flavus 15 days after silking (DAS). Inoculated
resistant inbred lines Mp313E and Mp420, as well as susceptible inbreds SC212m and
Mp339, were compared with their non-inoculated controls at six days after inoculation
(DAI) corresponding to 21 days after silking (DAS). Mp313E has been recognized by
previous studies (Windham et al., 2002) as one of the most resistant inbreds to A. flavus
infection and aflatoxin contamination. Correspondingly, in this study we found that more
proteins were up-regulated in response to inoculation in Mp313E than in the other
inbreds. During the three years of this study, SC212m, which was the most susceptible
line used, did not show significant changes in protein expression in response to
inoculation. The other two inbreds Mp420 and Mp339 did show some up-regulation of
proteins in response to inoculation, but the number of spots was not higher than the
control inbred samples.
There were 50 proteins that were consistently more abundant in the Mp313E
inoculated sample. Out of the 50 proteins, 12 proteins were not identified. In the
Mp313E control there were 29 proteins that were down-regulated in the inoculated
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sample and only one could not be identified. There were 11 proteins present in the
Mp313E control that are known to be stress-related proteins and in the Mp313E
inoculated sample there were 16 stress-related proteins. The stress proteins identified in
the inoculated Mp313E were endo-1, 3 beta-glucanase, putative peroxidase, proteasome
alpha subunit type 3, putative oxophytodienoate reductase, putative oxidase and aldo/keto
reductase. Endo-β-glucanases are called as pathogenesis-related proteins (PR) and are
categorized as PR-2 proteins (Theis et al., 2004). Endo beta 1,3 glucanases, that were
observed in inoculated Mp313E samples, were also up-regulated in maize embryos due
to pathogen stress (Chen et al., 2004). In the case of Mp313E control samples, the stressrelated proteins included endo 1, 3 beta-glucanase, PRm3, exo-glucanase precursor,
glutathione transferase and putative peroxidase. Though endo-1, 3 beta glucanase was
present in the inoculated, as well as the control Mp313E, these were identified from spots
that had different molecular weight and pI. In Mp313E control there were antifungal
proteins such as Prm3 (P93158), which was observed to be expressed in corn leaves
during abiotic stress (Didierjean et al., 1996). Glucanases, glutathione- S- transferase,
endo 1, 3 beta- glucanse and PRm3 were also present in the Mp313E control.
In control verses inoculated Mp420, only eight proteins were differentially
expressed in inoculated sample as compared to Mp420 control (Figure 4.3, Table 4.3).
Of the eight proteins in the inoculated Mp420 sample, three proteins could not be
identified and three proteins from the control also were not identified. Proteins such as
polyphenol oxidase and heat shock protein 70 were the stress-related protein identified in
the Mp420 inoculated sample. There were 12 differentially regulated proteins in the
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control Mp420 samples. No proteins in the control Mp420 were known stress-induced
proteins and most of them were house -keeping proteins. These included fructokinase I,
glutamine synthase root isozyme, alpha 1, 4 glucan synthase, RF2 male cytoplasmic
sterility factor, protein kinase MK5, OSJNBa0036B21.10 protein, and D-TDP-glucose
dehydratase. In the Mp420 control samples, the number of proteins that were apparently
down-regulated in response to inoculation was higher than those up-regulated it the
inoculated Mp420. and more than 90% of the proteins were constitutive..
Mp339 control showed ten abundantly expressed proteins, while the inoculated
sample showed only nine up-regulated proteins. There were three proteins that were not
identified in the inoculated sample, while all the differentially expressed proteins in the
control were identified. There were three proteins related to stress expressed in the
inoculated sample of Mp339 and all others were constitutive proteins. The stress-related
proteins included substilin, putative stress induced protein sti1and glycine-rich RNA
binding protein. Park et al., (2001) and Shin et al., (2002) showed that transgenic
expression of tobacco of stress-inducible gene 1 (sti 1) led to expression of many
pathogenesis-related genes resulting in tolerance to salt and pathogens. Three proteins
from the control Mp339 were related to stress proteins. These were endo 1, 3 beta
glucanase, substilin, putative chaperonin 21and chitinase. Substilin (Q42420) was
present in both inoculated and control Mp339. The spot identified in inoculated sample
as substilin had a molecular weight of 35kd and has pI of 7.5 and the control spot had a
molecular weight of 7kd and a pI of 4.5. Multiple assignments could also be due to
amino-acid sequence aberrations, polypeptide conformational equilibria and it could be
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also an artifact (Berven et al., 2005). The expression of chaperonins under stress has
been studied in cold, drought and salinity (Sabehat et al., 1998). All the differentially
regulated proteins were quantified and only those which were up-regulated by 2-fold
were listed in Chapter 4 tables. Presence of stress-related proteins highlights the
importance of their expression in plant resistance. Presence of proteins other than stressrelated proteins also indicates an association between stress tolerance and maintenance of
cellular balance by up-regulation of housekeeping genes during pathogen infection.
From the comparative studies, three clear defense mechanisms in silks that
contribute in resistance mechanism are proposed (Figure 7.1). Old silk which are brown
and devoid of moisture, young silks lacking nutrients, odor of silk can from a physical
barrier to fungus and also the first line of defense. The second layers of defense are the
constitutive enzymes which were identified in control resistant and susceptible inbreds.
Chemical compounds such as furfural, flavanoids, alkyl-resorcinol, maysin form a part of
the second line of defense mechanism. Non-treated silk in from all inbreds showed
presence of anti-fungal proteins and oxidative stress proteins. Hence, these proteins
formed part of constitutive defense mechanism. Proteins related to signaling, metabolism
such as kinases, phosphotases, and enzymes such as transferases, ATP production related
enzymes were also present in control silks and was abundant in the resistant inbreds and
hence would be part of constitutive defense mechanism.
Silks may also have a third line of defense consisting of anti-fungal proteins,
biotic and abiotic stress-related proteins, oxidative stress related proteins, transcription
and translation factors that are induced which would help in producing more of these

184
important bio-molecules for fungal resistance. This was concluded from the experiments
when resistant and susceptible inbred where challenged with A. flavus 15 days after
silking and compared with its inoculated samples.

SILK
CHANNEL

Age- Young/ very mature
Moisture- low moisture

First line of
defense

Chemicals- Furfural, Flavanoids, Alkylresorcinol
Maysin, metho-maysin
Anti-fungal proteins- PR proteins such as chitinase,
glucanse, trypsin inhibitor, thaumatin, xylanase
inhibitor

Constitutive defense/
Second line of defense

Metabolic proteins- fructokinase, transferase,
kinases, phosphatases, ATP synthase
Oxidative stress proteins- peroxidase,
Aldo/keto reductase, oxidases, catalase, heat shock
proteins, superoxide dismutase
Abiotic stress proteins- Dehydrin, LEA
Transcription factors, kinases, antifungal proteins, oxidative stress
proteins, biotic and abiotic stress
proteins, proteins related to cell death

Induced defense proteins
Third line of defense

Figure 7.1. The proposed model concluded from the proteomic comparative studies in
silks from resistant and susceptible inbreds
Silk proteins require not only the presence of high levels of anti-fungal proteins
but also high levels of stress-related proteins. The expression of metabolic proteins
involved in maintaining homeostasis in resistant inbred and absent in susceptible lines
shows its importance during pathogen attack. There is a constant gene to gene resistance
and if fungal growth keeps increasing then more anti-fungal proteins, oxidative-stress
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proteins, proteins related to transcription and translation, program cell death are induced
by genes in silks to stop fungal entry
Proteome analysis of silks from an inbred resistant to Aspergillus flavus was
conducted using 2-DE and MudPIT. Using MudPIT and 2 –DE, 971 proteins were
identified from silks. Out of a total of 403 spots separated by 2-DE, 368 spots were
identified. Using MudPIT analysis, 803 proteins were identified. Only 203 proteins from
2-DE and MudPIT were found to be common and 600 proteins were found exclusively
using MudPIT. The identified proteins were functionally annotated from the sequences
available at website (http://www.agbase.msstate.edu/) using the online tool GORetriever
designed by computer scientists at Mississippi State. The functional annotations of
proteins were done using the GOSlim viewer tool also available at the same site. Overall,
83.8% of the 371 proteins identified from 2-DE and 84% from MudPITwere placed into
known COG categories, while those which were not found were designated as unknown.
Combining our total list of proteins annotated from MudPIT and 2-DE, we had only 18%
proteins that had no functional information and these were categorized as unknown. The
annotations are based on the functional annotations recommended by Gene Ontology
Consortium (http://www.geneontology.org/). The proteins are annotated to three classes;
i) cellular distribution ii) molecular function iii) biological process.
In MudPIT, majority of the proteins were intracellular proteins (31%), followed
by ribosomal proteins (16%) and membrane proteins (14%). The majority of proteins
from 2-DE were categorized as cytoplasmic proteins (15%), followed by membrane
proteins (12%) and the nucleus proteins (11%) (Figure 2a). Membrane proteins are rich
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in hydrophobic amino-acids (Sadka et al., 2005). Presence of more membrane proteins in
MudPIT compared to 2-DE is because the phenol extraction procedure for 2-DE analysis
is not as effective in solubilizing hydrophobic proteins. MudPIT identified more proteins
from membrane (14%), cytosol (14%), ribosome (16%), mitochondria (6%) and
cytoplasm (7%) than 2-DE. The number of proteins identified by 2-DE from membrane
were 12%, 1% from ribosome, 10% from cytosol, 5% from mitochondria and 15% from
cytoplasm. While, proteins from nucleus (13%), cellular component (13%), cytoskeleton
(6%), extra-cellular region (6%), cytoplasm (13%), plastid (4%) and cytosol (10%) were
more abundant in the proteins identified by 2-DE than by MudPIT. Proteins identified by
2-DE were categorized into 21 biological process functional groups. Proteins identified
from MudPIT were distributed initially in 29 categories. The majority of the proteins
were related to metabolism in both MudPIT (20%) and 2-DE (27%). Approximately
20% of proteins analyzed from MudPIT and 27% by2-DE were categorized as having
metabolic functions. Twenty of these proteins were common in both the analyzed
techniques. Two % of the proteins identified by MudPIT and 14% of those from 2-DE
were categorized in carbohydrate metabolism. The enzymes involved in primary
metabolic pathways such as glycolysis and TCA cycle were identified by both
techniques. From the 2-DE, four spots were identified as trisophosphate isomerase, two
spots as aldolase, one as enolase, one as phosphoglycerate kinase, three as
phosphofructokinase, one spot as phosphohexose isomerase, two spots as
phosphoglycerate mutase and no spots for pyruvate kinase and hexokinase were
identified. From the TCA cycle, there were four spots identified as malate
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dehydrogenase, one spot as succinate dehydrogenase and four spots as aconitase.
Proteins related to other pathways for glucose metabolism such as phosphogluconate
dehydrogenase was also identified by 2-DE analysis. Proteins analyzed from MudPIT
showed two spots as triosephosphate isomerase, two spots as aldolase, two spots as
enolase (2 spots), three spots as phosphoglycerate kinase, one spot
asphosphofructokinase, one spot as phosphoglycerate mutase, one spot as pyruvate
kinase, three spots as aldehyde dehydrogenase and three spots as glyceraldehyde3phosphate dehydrogenase. There were no proteins identified as phospho-glycerate
isomerase and hexokinase from either MudPIT or by 2-DE analysis. In MudPIT, proteins
that were related to TCA cycle such as malate dehydrogenase (three spots), aconitase
(three spots) were detected.
Proteins related to biosynthesis of amino acids were identified from by 2-DE and
MudPIT, which formed only 5% and 15%, respectively of the metabolism category.
There were eight proteins identified by 2-DE that were involved in the synthesis of
cysteine (two spots), serine (one spot), glycine (one spot), methionine (one spot),
glutamine (one spots) and leucine (one spot). From MudPIT, there were two proteins
related to cysteine, serine (one spot), methionine (three spots) and glutamine (four spots).
Proteins that were involved in protein degradation such as those in ubiquitin-proteasome
pathway were also identified by 2-DEas well as MudPIT. There were 12 spots which
were the alpha or beta subunits of the proteasome complex and four spots were identified
as ubiquitin. Proteins related to photosynthesis were observed only in the MudPIT
analysis. These included rubisco, phosphoenolpyruvate carboxylase, chlorophyll a/b
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binding protein and isoforms of these proteins. The proportion of proteins involved in
DNA metabolism in MudPIT was only 3% and these were further sub grouped to those
proteins involved in nucleotide metabolism forming 5% of the above category. The
number of spots annotated specifically to proteins involved in DNA metabolism was 2%
out of which 6% were involved exclusively in nucleotide building pathway.
Analyzing the sets of data obtained from GORetreiver40 stress-related proteins
were identified by 2-DE and 49 from MudPIT. Out of the 49 stress proteins from
MudPIT analysis there were 19 stress-proteins which were assigned as abiotic stress
proteins, 20 proteins as biotic stress-induced proteins and six proteins that were assigned
in response to abiotic stress proteins. Out of the 20 biotic stress related proteins most
abundant class was the chitinases. From MudPIT and 2-DE there were two chitinases that
were sorted as common. These were chitinase A (Q6JBK8) and chitinase I (Q6JBN0).
Both these chitinases have closely evolved (Tiffin et al., 2004). Three chitinases
identified by 2-DE were PRm3 (P93518), chitinase I (Q6JBN0) and chitinase A
(Q6JBK8). Two spots were identified as PRm3 by 2-DE and these differed in their
molecular weight and pI. Similarly, two spots were identified as chitinase I and these
were relatively closer in their molecular weight and pI. This multiple assignment of an
accession number to more than one spot could be due to various possibilities such as
isoforms, conformational equilibria, abberations in the amino-acid sequence, or posttranslational modifications (Berven et al., 2003).
Biotic stress-proteins such as ribosome inactivating protein; trypsin-inhibitor,
subsitilin and zeamatin were also identified by 2-DE. Protein b-32 was identified in
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MudPIT analysis, but there was no spot identified as b-32 in by 2-DE. Other RIPs, such
as RIP-9, also were identified from MudPIT as well as by 2-DE. In the 2-DE analysis, 13
proteins were related to biotic stress, 13 to abiotic stress and 12 proteins were categorized
as those present in response to stress. There were three types of chitinase, ribosome
activating protein, polyphenol oxidase, xylanase inhibitor and other pathogenesis-related
proteins. Most of the abiotic stress proteins identified from both techniques were low and
high molecular weight heat shock proteins, dehydrin, LEA (Late embryognesis protein).
LEA proteins have been associated with different abiotic stress such as drought, salt,
cold, heat and wounding (Thomann et al., 1992). The role of low molecular weight heat
shock proteins have been widely studied, and other than heat stress, they have also been
shown to be induced during cold, drought and salinity stress (Sabehat et al., 1998).
Proteins related to oxidative stress such as peroxidase were also identified. Other than its
role in stress peroxidases have also been speculated in maintaining auxin levels by
oxidation in growing tissues such as silk, root, stem, husk and ear (Chen et al., 2004).
Xylanase inhibitor was also one of the prominent stress-related proteins. Xylanase
inhibitor has also been identified in cereals such as wheat. Xylanase inhibitor inhibits
xylanases which hydrolyzes the beta-1, 4 linkage of the xylan component of the cell wall
(Flatman et al., 2002). Xylanases are enzymes found in fungi such as A. niger (Flatman
et al., 2002).
Stress-related proteins identified by2-DE was quantified using PDQuest®
software. Three gels from three independent extractions from three years were analyzed
simultaneously. Only those spots that were expressed consistently in all three harvests
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were considered. Sixty-seven proteins that are known to play a role in stress were
selected from the 368 spots. Comparing the fold-changes in the expression of the stressrelated proteins from three years showed most of the proteins very consistent in
expression and there was negligible change in the coefficient of variation. Except for
putative stress induced sti1, which showed almost a 10-fold change comparing 2002 to
2004 harvests and had a 59-fold change in its expression from 2002 to 2003. All the
other stress-related proteins did not vary much in their expression from year to year
harvest.
In this study, we used large-scale proteomics by using comprehensive genome
databases of green plants to identify most of the proteins in Mp313E silks. Twodimensional electrophoresis is limited and cannot be used for identification of proteins
with extremely low or high pIs, membrane- bound proteins and proteins with in low
abundance. Hence by using MudPIT, the identification of Mp313E silk proteins was
increased to 83%. The reference map of Mp313E silk proteins could be used to
understand host mechanisms during development and various physiological conditions
such as pathogen stress. The protein reference map could also be used to link proteomics
with trancriptomics, metabolic mechanisms and genomics.
Proteomic analysis of silk proteins from all inbreds showed chitinases as one of
the prominent antifungal proteins in the silk. Three chitinases - PRm chitinase, chitinase
I, and chitinase A were identified in silk proteome of all genotypes. Since the three
chitinases differed in type and amount, a difference in chitinase activity from all inbreds
was measured. Chitinase assays on silk protein from crude extracts showed significantly
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higher enzymatic activity in the resistant lines compared to the susceptible lines (p<0.01).
Chitinase activity in silk proteins from all inbreds also was observed in presence of urea.
The presence of antifungal proteins in silk, especially PR-3 proteins such as chitinases,
could be contributing in the resistance to A. flavus due to its differential expression in
resistant and susceptible lines. Antifungal activity in silk proteins from two Aspergillus
flavus resistant (Mp313E, Mp420), two susceptible (SC212m, Mp339), and one
intermediately resistant maize (Tx601) (Zea mays L.) inbreds were studied using agar
plate assay to determine if the protein extracts inhibited fungal growth. The assay was
performed using paper discs containing silk proteins from each inbred in a Petri dish with
agar inoculated with green fluorescent protein (GFP) tagged A. flavus. The A. flavus
growth on paper disc was measured from GFP-fluorescence or by ergosterol content. No
significant difference in GFP-fluorescence was seen on the disc containing resistant and
susceptible proteins (p>0.01). Ergosterol content, a direct measure of the fungal growth,
was significantly higher on disc containing susceptible proteins (F was significant at
p<0.01). In conclusion, ergosterol analysis is a good way of estimating the amount of A.
flavus growth on discs.
From this study, identification of differentially regulated proteins in susceptible
and resistant, as well as proteins that were up-regulated in inoculated samples of the
resistant and susceptible lines when challenged with A. flavus have given a hope of
mapping these proteins in to QTLs for aflatoxin resistance, and using these proteins as
markers in marker-assisted breeding. Differentially regulated proteins from the resistant
inbreds could also be used in enhancing host resistance by over-expressing
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transgenically. This investigation has shown a close association of stress-related proteins
and disease resistance. Identifications of many up-regulated proteins as housekeeping
proteins along with stress-related proteins in the inbreds shows that homeostasis of plant
cell is important to combat pathogen resistance. High throughput proteomics of silks
from the inbred Mp313E provides an opportunity of using this data for functional
genomics and as well as for studying systems biology, which ultimately help us
understand the mechanism of host-pathogen interactions and host resistance.
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APPENDIX A
PROTEINS NOT CONSISTENTLY EXPRESSED IN ALL THREE HARVESTS
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Table A. 1 Proteins which were not consistently differentially expressed in resistant and susceptible lines in the 2D gels of silk tissue
proteins from three growing seasons in Sc212M silks collected 21 DAS
Spot
no.

Mol wt.
(Daltons)

pI

Protein in Mp420,Mp313E

Accession no.
NCBI/Uniprot

100

47798.2

4.94

26S proteosome regulatory particle

17297989

101

34720.7

5.07

Putative fructokinase I

16566707

102

45854.1

5.26

EST

38606518

103

19552.4

5.75

Leaf primord

4730491

20

45050

6.11

Q49645

64
108
109
112

21917.7
273618
27025.7
12913.9

5.75
5.35
5.82
5.35

114
116

15089.5
19151.9

5.46
9.10

Acyl carrier protein
saturase,chloroplast precursor
2 week shoot
Putative glutathione S-transferase
Triosephosphate isomerase
leaf primordia cDNA library from
Hake lab Zea mays
Superoxide dismutase 4A
Ribulose bis-phosphate carboxylase

119

1686.2

6.30

121
123

10888.8
18960.4

8.29
5.35

13237083
AAN64482.1
P12863
4609440
1885354
132147

NDK1_ORYSAnucleotide
585551
diphosphate kinase I
Wound-induced protein
15529408
Mixed adult tissues fromWalbot lab 8103345
same as 707(SK)

Spot absent in
susceptible
inbred
Sc212M,
Mp339
Sc212M,
Mp339
Sc212M,
Mp339
Sc212M,
Mp339
Sc212M,
Mp339
Mp339
Sc212M
Sc212M
Sc212M,
Mp339
Mp339
Sc212M,
Mp339
Sc212M,
Mp339
Sc212M,Mp339
Sc212M,Mp339

Present in
resistant
inbred
Mp420
Mp420
Mp420
Mp420
Mp420
Mp420
Mp313E
Mp313E
Mp420
Mp420
Mp313E,
Mp420
Mp313E,
Mp420
Mp420
Mp313E,
Mp420
208

208

Table A.1 continued
23

15132

11.1

127

25094.4

6.39

128

17901.2

5.75

129

36523.5

6.46

132

51670.4

6.12

136
42

42779.2
80834.80

5.75
7.59

21

300385.1

----

66

41205.1

5.75

68
4
33
52
53

34207.3
14115.1
59446.8
17682.5
15543.5

5.91
4.59
6.69
9.83
8.97

55
56
76

37072.9
38325.3
21705.7

9.34
6.49
6.06

Antimicrobal protein Ace AMP1
Q41258
precursor
Putative small Ras GTP binding 23397164
protein
BMS Tissue
18964689
G3PS_MAIZE Glyceraldehyde
3phosphate dehyrogenase
Ribulose 1,5 bis phosphate
carboxylase
Putative epimerase/ dehydratse
Replication licensing factor MCM7
homolog
MEST5-E7.TW1412.Seq ISUM2
Zea mays cDNA clone MEST5-E7
5',
UPTG_MAIZE Alpha 1,4 glucan
protein synthase
CYSK_MAIZE Cysteine synthase
PRO-5 Maize Profilin 5
Nuclear restorer protein
Ubiquitn ribosomal prots 27a
Glucose starvation induced protein
precursor
Zm10_AAFC_ECORC_F
Peroxidase
Putative 1,4 benzoquinone reductase

Sc212M

Mp313E

Sc212M,
Mp339
Sc212M

Mp420

120670

Sc212M

Mp313E

37936916
37534380
Q94875

Sc212M,
Mp339
Mp339
Mp339

Mp313E,
Mp420
Mp420
Mp420

3191798

Mp339

Mp420

34588146
2829688
14423853
7431451
82733
2119757

Sc212M,
Mp339
Mp339
Mp339
Sc212M
Mp339
Sc212M

Mp313E,
Mp420
Mp420
Mp420
Mp313E
Mp420
Mp313E

14204323
12056452
34910128

Mp339
Sc212M
Sc212M

Mp420
Mp313E
Mp313E

Mp313E

209

209

Table A.1 continued
16

Undef.

Disease resistance gene analog
PIC12
CRS2 associated factor I

Q92TJ3

Mp339

Mp420

75144.96

Und
ef..
9.15

41

Q84N49

Mp339

Mp420

3
F

Undef.
18319.0

Und.
5.93

Typical P type R2R3 Myb
Zea mays cDNA clone MEST502B11 3', MRNA sequence

Q8S328
18177994

Sc212M
Mp339

Mp313E
Mp420

Table A. 2 Proteins present in Sc212M 21 DAS tissues and absent or differentially regulated in Mp313E but were not consistently
expressed in tissues analyzed from three growing seasons
Spot
no.
A
B
C

Mol. Wt.
(Daltons)
32457.3
20350.3
16141.1

pI
7.88
5.93
5.93

E
F
H
130
72
45
71
51
54

25241.9
18319.0
22075.6
49290.7
36232.5
34862.2
14419.7
15683.6
18349.9

7.68
5.93
8.16
9.19
5.97
6.10
12.13
8.78
8.91

Protein name
Partial coat protein(maize dwarf mosaic virus)
Probable ubiquitin conjugating enzyme E2
Maize glume cDNAs library Zea mays cDNA clone za71a05 5',
MRNA sequence
Glutathione S-transferase
Zea mays cDNA clone MEST502-B11 3', MRNA sequence
Alpha-amylase/trypsin inhibitor(antifungal protein
Elongation factor 1 alpha
Guanine nucleotide binding protein
Oxygen evolving protein complex
Hypothetical protein
Glycine rich protein
Peptidyl prolyl cis-trans isomerase

Accession no.
NCBI
16215617
25408306
8367974
11385489
18177994
123978
2282584
34911282
349144.80
34897322
82696
118104
210

210

Table A. 3

Proteins present in Mp339 21 DAS gels compared to Mp420 but were not seen consistently expressed in tissues from all
three growing seasons

Spot
no.
130
153
14
6

Molecular
weight
(Daltons)
49290.7
18319.0
50611.51
58965.51

pI
9.19
5.93
7.54
6.38

Accession
no.
NCBI
2282584
18177994
Q8L818
O81395

Protein name
Elongation factor 1 alpha
Zea mays cDNA clone MEST502-B11 3', MRNA sequence
Histone deactyl transferase prot
Bifunctional dihydrofolate thymidylate reductase

Table A. 4 Proteins found up-regulated in Mp313E inoculated sample compared to Mp313E control but was not seen consistently
expressed in all tissues analyzed from three growing seasons
Spot
no.
113
109

Molecular
weight
pI
(Daltons)
24577.1
5.48
17293.0
10.93

Protein name
Putative germin protein type I
Putative ribosomal protein

Accession no.
NCBI
38175449
25553581

211

211

Table A. 5 Proteins up-regulated in SC212m inoculated sample compared to SC212m control but were not consistently expressed in
all tissue analyzed from three growing season

Spot
no.
10
73
49

Molecular
weight
pI
(Daltons)
17497.5
5.61
27404.0
6.10
15104.7
5.43

Protein name
Eukaryotic translation intiation factor 5A
maize 20S proteosome alpha subunit
Superoxide dismutase(Cu-Zn)

Accession no.
NCBI
12643437
11967891
134613

212

212

